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ABSTRACT: Carbon catalysts with metal and nitrogen dopants hold significant 7,
promises for an electrochemical CO, reduction reaction (CO,RR). However, the ,~~
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Melamine co,
fabrication of these carbon catalysts normally requires an energy-intensive synthesis e}
process. Traditionally, 2D graphene and 1D carbon nanotubes (CNTs) are the most  wino,, \ P
widely used carbon supports, but graphene tends to aggregate and CNTs suffer from ‘ 2 -~ =
. . . . . | B — Ni-N-CNS/CNT-X
low density of active sites on the surface. In this work, we developed a 3D hybrid —y

carbon nanosheet/nanotube catalyst with nickel (Ni) and nitrogen (N) co-doped
active sites for the CO,RR by a one-step chemical vapor deposition (CVD) method.
Both single atomic sites and nanoparticles of Ni were observed on the hybrids, but
the Ni nanoparticles were encapsulated by graphitic carbon layers during the CVD
process, and as a result, the competing hydrogen evolution reaction was suppressed
and high CO selectivity was achieved. The as-prepared catalyst with 20 min CVD delivered a stable CO Faradaic efficiency of 91%
with a partial current density of 28.9 mA/cm” at —0.74 V in an H-cell setup. The same catalyst achieved a commercially viable
current density of 600 mA/cm” in a flow cell with CO selectivity above 85%, at an applied voltage of —2.0 V vs reversible hydrogen
electrode without iR compensation. To the best of our knowledge, these results are among the best performances in the literature in
terms of both current density and CO selectivity for the CO,RR by carbon-based catalysts. Furthermore, catalysts developed in this
work are synthesized at a moderate temperature without any acid/oxidant pretreatment or post-washing. The energy-efficient and
environmentally benign synthesis and the significantly high performance of catalysts are essential to future large-scale CO,RR
applications.
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1. INTRODUCTION

To mitigate the global warming effect, technologies have been

The structure of carbon supports of the M-N-C catalyst
plays a significant role in the performance of the CO,RR as the

developed to reduce CO, emissions, capture CO, from the
emission source or directly from the atmosphere, or convert it
back into useful fuels and chemicals through catalytic
approaches.'™> Among them, an electrochemical CO,
reduction reaction (CO,RR) to generate value-added products
powered by renewable energy sources such as solar and wind
provides a sustainable solution. Carbon-based catalysts doped
with earth-abundant transition metals (Fe, Ni, Co, etc.) and
nitrogen (N) species (M-N-C) are an emerging type of
catalysts and are demonstrated as a promising cost-effective
alternative to noble metal catalysts.””'" The nitrogen-
coordinated metal active sites (M-N) could activate CO, to
a COOH* intermediate,''~"* making the M-N-C catalyst one
of the best for reducing CO, to CO in a neutral aqueous

. 6,7,11,13
environment.
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structure affects the mass transport of reactants in the local gas-
catalyst-electrolyte triphasic interface."* Layer-structured ma-

13,15

terials such as graphene and one-dimensional (1D)

materials such as CNTs'®'” are the most widely used carbon
supports of CO,RR catalysts. Layer-structured catalysts can
provide a decent amount of doped metal/nitrogen elements
with a uniform dispersion of M-N sites on or between the two-

dimensional (2D) basal planes. However, 2D layers are easily
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aggravated during preparation, storage, and reaction due to the
strong 7-7r interaction between layers,'® significantly reducing
the electrocatalytic performance and stability with overall
porosity decreasing. On the other hand, 1D CNT-based
catalysts suffer from the low density of M-N active sites since
the traditional oxidation/doping methods only anchor active
sites on the outermost surface, and conventional methods
based on CNTs are dificult to synthesize a hierarchical
network.'” "> As a result, three-dimensional (3D) hierarchical
structures that integrate the advantages of both 1D and 2D
structures with promoted mass transport and high electronic
conductivity have attracted much attention in the CO,RR
research community.”> ™

The state-of-the-art methods for preparing M-N-C catalysts
include chemical vapor deposition (CVD) with a gas-phase
carbon precursor (CH,, C,H,, etc.),”" carbon treated with
nitrogen plasma®’ or pyrolysis under an ammonia atmosphere,
and thermal annealin§7 of different types of carbon using silica
as hard templates,26' metal organic frameworks (MOF) as
soft templates, sacrificial polymers as precurosrs,'”*® etc.
Among these synthesis methods, CVD has been used to
synthesize 3D metal and nitrogen-doped graphene/CNT
hybrids because of its highly tunable nature compared to
traditional thermal pyrolysis, making it preferable for
constructing specific structures. However, there are a few
drawbacks or challenges in conventional CVD methods for 3D
carbon synthesis: (1) multistep CVD syntheses are typically
used to generate CNTs and graphene;””** (2) high energy
input is always involved due to the high-temperature condition
(usually 1000 °C) required to synthesize graphene by
CVD;*"** (3) an additional step of acid washing is usually
required to remove bulk metal catalysts from the substrate after
CVD; (4) N-doping is typically achieved by gaseous nitrogen
precursors, e.g, ammonia (NH;) or acetonitrile (CH;CN),
and the N doping level is lower (less than 3%) compared to
traditional solid nitrogen sources.”” > As a result, few reports
in the literature have demonstrated high-performing 3D carbon
structures for the CO,RR synthesized by a CVD method.
Therefore, there is still a high demand for a facile and low-cost
method to synthesize 3D M-N-C catalysts for efficient CO,RR
application.

A modified, one-step CVD synthesis method developed in
this work grows CNT's on a pre-prepared solid substrate, i.e., a
carbon- and nitrogen-containing nanosheet structure with
deposited metal seeds, so that the overall procedure of
synthesizing the ultimate 3D M-N-C catalyst is simpler and can
be accomplished at a lower temperature (650 °C). In brief,
nickel nitrate and melamine were mixed and polymerized to
synthesize polymerized carbon nitride (pC;N,) as the
backbone with a uniform Ni distribution.*™*” The as-prepared
sample then went through a CVD process, during which CNS
were generated from pC;N, decomposition and CNTs were
grown from the planted Ni seeds on the CNS using acetylene
(C,H,) as the carbon precursor. The thermally instable nature
of pC;N, at high temperatures (>700 °C) matches the
temperature of CNT growth (>650 °C), making the one-step
synthesis possible. The grown CNTs would link the CNS
layers, forming a unique 3D hierarchical structure. From the
literature, it is possible that the CVD process could also dope
nitrogen on the CNT surface, which provides the extra
nitrogen seeds besides pC;N, for further creating Ni-N
sites.”* ™"’ It is hypothesized that both Ni nanoparticles
(NPs) and atomic Ni sites could exist on the hybrid material,

but the grown CNTs might encapsulate the Ni nanoparticles
so that only the single atomic sites are exposed,*' ~** making it
a highly selective CO production catalyst, suppressing the
hydrogen evaluation reaction (HER) that is more favorable on
the sites of Ni nanoparticles.””** Thus, the post-synthesis acid
washing was eliminated. The catalysts prepared by different
periods of CVD growth and the resulting hybrid CNS/CNT
structures were characterized and correlated with their CO,RR
activities and product selectivity.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Catalysts. A typical catalyst synthesis
process is shown in Figure 1. First, 2 g of melamine (Acros
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Figure 1. Schematic illustration of the experimental setup and process
of the catalyst synthesis.

Organics, >99%) was mixed with 15 mL of DI water and
sonicated for 15 min; meanwhile, 6 mg of Ni(NO;),-6H,0
(Sigma-Aldrich, crystalline) was dissolved in S mL of DI water
and dripped into the melamine mixture drop by drop. The
mixture was further sonicated for 5 min and then transferred to
a stirring hot plate at 300 rpm and 50 °C uncovered, until the
water fully evaporated. The remaining powder was ground to
homogeneity, placed in a crucible, and pyrolyzed in air at 550
°C for 2 h at a heating rate of 10 °C/min. The resulting
powder (denoted as NiO-pC;N,) was transferred to an
alumina boat for further CVD process.

The CVD process was carried out in a tube furnace under
250 sccm (standard cubic centimeter per minute) Ar (Airgas,
UHP grade) and SO sccm H, (UHP grade). The temperature
was first increased to 400 °C at a heating rate of 10 °C/min
and held constant at 400 °C for 30 min to reduce NiO-pC;N,
into Ni-pC;N,. The temperature was further increased to 650
°C at a heating rate of 5 °C/min under 250 sccm of Ar and 50
sccm of H,. With the flow rate of Ar and H, kept constant,
another 25 sccm of C,H, (dissolved grade, Western Interna-
tional Gas & Cylinders, Inc.) was introduced once the
temperature reached 650 °C, the condition of which was
then maintained for X min (X = S, 20, or 60) before the heat
source and C,H, feed were shut down. The system was then
cooled down naturally under 250 sccm of Ar and 50 sccm of
H,. The obtained catalyst was denoted as Ni-N-CNS/CNT-X.
Two control groups were synthesized when no C,H, was
introduced after the temperature reached and maintained at
650 °C for Y min, i.e., Ni-N-CNS-Y (Y = 0 or 20).

For comparison, Ni-N-CNS/CNT-20 was dispersed in the 3
M HCI solution and stirred for 24 h. The sample was then
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centrifuged, washed with water and ethanol, and placed in a 60
°C oven overnight. The as-prepared powder is denoted as Ni-
N-CNS/CNT-20-acid.

2.2. Materials Characterizations. Morphology, structure,
and composition of the catalysts were characterized by
scanning electron microscopy (SEM, JEOL JSM7S00F),
transmission electron microscopy (TEM, FEI Tecnai G2 F20
ST), high-angle angular dark-field scanning transmission
electron microscopy (Hitachi 2700C), X-ray diffraction
(XRD, BRIKER D8), Raman spectroscopy (Horiba Jobin
Yvon LabRam HR), X-ray photoelectron spectroscopy (XPS,
Omicron), and Brunauer—Emmett—Teller (BET) surface area
analysis (Micromeritics ASAP 2420 physisorption analyzer).
The X-ray absorption spectroscopy (XAS) measurements were
performed at the 20-BM beamline of the Advanced Photon
Source (APS) at the Argonne National Laboratory (ANL).

2.3. Electrochemical CO,RR Activity Measurements.
To demonstrate the CO,RR performance of Ni-N-CNS/CNT-
20 and compare it with the literature reports, two different
types of cells were used in this work, as shown in Figure S1. A
traditional H-cell system (Figure Sla) was used to conduct
electrochemical characterizations and study the fundamentals
in catalytic performance—structure relations. A flow cell setup
(Figure S1b) was used to demonstrate the potential of the
catalyst for industrial applications when operating at
commercially viable current densities.*’

2.3.1. H-Cell. The electrochemical CO,RR activity measure-
ments were conducted in a two-compartment, three-electrode
H-cell system, where CO,-saturated 0.5 M KHCO; was the
electrolyte (pH 7.2), a Pt mesh (1 cm®) was the counter
electrode, and Ag/AgCl (3 M KCl) was the reference
electrode, as depicted in Figure Sla. The measured potentials
after iR compensation were rescaled to the reversible hydrogen
electrode by E (RHE) = E (Ag/AgCl) + 0.210 V + 0.0591 V X
pH. The working electrode was prepared by drop casting the
catalyst ink onto a Toray carbon paper with the catalytic
geometric area being 1.0 cm® and the catalyst mass loading
being 1.0 mg/cm® The ink was prepared by dispersing 3 mg of
catalysts into a mixture of 370 uL of ethanol, 200 uL of DI
water, and 30 uL of 5% Nafion solution under sonication for 3
h. The working and reference electrodes were placed in the
cathode chamber and the counter electrode in the anode
chamber. The two compartments were separated by a Nafion
11S proton exchange membrane (Beantown Chemical, 0.125
mm thick) to avoid reoxidation of CO,RR-generated products.
High purity CO, (99.999%, Airgas) at a flow rate of 34 sccm
was first introduced into the cathode chamber for 1 h to fully
saturate the electrolyte before the electrolysis, and the flow rate
was maintained during the electrolysis. The gas-phase products
were analyzed via an online gas chromatograph (GC, Fuel Cell
GC-2014ATF, Shimadzu) equipped with a thermal con-
ductivity detector (TCD) and a methanizer-assisted flame
ionization detector (FID). Any potential liquid products in the
electrolyte after the reaction were analyzed by 'H nuclear
magnetic resonance (NMR). Typically, 450 uL of catholyte
was collected after 2 h of CO, reduction at —0.66 V versus
RHE, and 10 mg of 1,3,5-trioxane was added to the catholyte
as the internal standard. The liquid sample was then
transferred to 450 mL of deuterated dimethyl sulfoxide
(DMSO) and subjected to analysis.

2.3.2. Flow Cell. As shown in Figure S1b, the flow cell
measurement was conducted in a customized flow cell that has
two compartments separated by an anion exchange membrane

(Fumasep PK 130, Fuel Cell Stores). Ni foam was used as the
anode (active area: 1 cm?) and 1 M KOH anolyte was
circulating in the anode chamber (flow rate: 10 mL/min) and
carrying out the generated O, on the anode. The catholyte was
also 1 M KOH, which was circulating in the cathode chamber
at a flow rate of 1.5 mL/min. The cathode (active area: 1 cm?®)
was prepared by airbrushing the catalyst ink (10 mg of catalyst,
3 mL of ethanol, and 0.3 mL of 5% Nafion solution) directly
onto the gas diffusion layer (GDL) (Sigracet 39 BC, Fuel Cell
Store). The catalyst loading is 0.8 mg/cm” based on the
electrode weight gain after the spraying. CO, gas was
circulated on the back side of the GDL, diffused into the
GDL, and reacted at the interface of the catalyst and catholyte.
A Hg/HgO electrode (1 M KOH) was used as the reference.
The flow cell tests were powered by a DC power supply
(Agilent E3633A), and the potential between the reference
electrode and cathode was measured by a multimeter
(AidoTek VC97+)."°%°" All the measured potentials were
reported without iR compensation. The gas-phase products in
the flow cell systems were analyzed via an online gas
chromatograph (GC, GC-2010, Shimadzu) equipped with a
thermal conductivity detector (TCD) and flame ionization
detector (FID). Both CO and H, were detected by the TCD,
and methane and hydrocarbons were measured by the FID
detector.

3. RESULTS AND DISCUSSION

3.1. Morphology, Structure, and Composition. Mor-
phology and structure of samples with different CVD process
times from O to 60 min were characterized by scanning
electron microscopy (SEM). The Ni-N-CNS-0 sample (Figure
2a) shows a flake structure (CNS) without obvious

oo \:"";
2 ,.iy:'q_

&

Figure 2. SEM images of (a) Ni-N-CNS-0, (b) Ni-N-CNS/CNT-S,
(¢) Ni-N-CNS/CNT-20, and (d) Ni-N-CNS/CNT-60.

observation of CNTs due to the absence of CVD. With §
min CVD, CNTs started to deposit upon the introduction of
C,H,, as observed in the Ni-N-CNS/CNT-S sample (Figure
2b), where CNTs were densely distributed on the CNS
surface. The two samples Ni-N-CNS/CNT-20 (Figure 2c) and
Ni-N-CNS/CNT-60 (Figure 2d) were formed with a longer
CVD time, 20 and 60 min, respectively; however, they possess
a similar hybrid structure to that of Ni-N-CNS/CNT-S. As a
comparison, the control group Ni-N-CNS-20 (Figure S2),
which was subject to 650 °C for 20 min without C,H,
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Ni (111)
” 0.20 nm

Ni (200)

Figure 3. (a—c) TEM image, (d) HR-TEM Ni nanoparticle image, (e, f{) HAADF-STEM images, and (g—k) EDS elemental mapping images of Ni-

N-CNS/CNT-20.

introduction, shows mostly a flake structure similar to Ni-N-
CNS-0, confirming the importance of C,H, to the growth of
CNTs. The different structures between Ni-N-CNS/CNT-20
and Ni-N-CNS-20 suggest that CNT's were mainly grown from
the decomposed C,H, during the CVD process rather than
from the decomposed pC;N,.

Transmission electron microscopy (TEM) and high-angle
angular dark-field scanning transmission electron microscopy
(HAADEF-STEM) were performed to further reveal the
support structure and Ni dispersion level. From the TEM
images, Ni nanoparticles are observed in all the samples. Ni-N-
CNS-0 (Figure S3a) and Ni-N-CNS-20 (Figure S3d) revealed
mostly flake structures without obvious CNT observation. Ni-
N-CNS/CNT-S (Figure S3b), Ni-N-CNS/CNT-20 (Figure
3a), and Ni-N-CNS/CNT-60 (Figure S3c) revealed clear CNS
and CNT hybrid structures, which are shown in larger
magnification in Figure 3b,c, respectively, in line with the
SEM observation. The tube diameter ranges around 5—20 nm.
High-resolution TEM (HR-TEM) was further carried out to
reveal the structure and the crystal phase of carbon and nickel.
The lattice spacings of the Ni nanoparticle (Figure 3d) are
measured to be 0.20 and 0.18 nm along two directions, close to
the d value of Ni (111) and Ni (200) planes, respectively.’”
Carbon layers are found wrapping the Ni particles, with a
lattice spacing of 0.33 nm, corresponding to the d value of the
C (002) plane. The thickness of the observed multilayer
carbon is around S nm, which is consistent in different Ni
nanoparticles (Figure S4). The structure of Ni-N-CNS/CNT-

20 (Figure 3e) was further revealed by HAADF-STEM,
showing a similar morphology to that observed in the TEM
image. As shown in Figure 3f, individual bright dots can be
directly observed, indicating the existence of Ni atomic sites.
Energy-dispersive X-ray spectroscopy (EDS) images (Figure
3g—k) further confirm the uniform dispersion of Ni, N, and O
elements on the carbon support.

The crystallinity of carbon and nickel were investigated by
X-ray diffraction (XRD), as shown in Figure 4a. The NiO-
pC;N, showed typical pC;N, patterns with a sharp C (002)
peak,” and Ni related peaks were absent possibly due to the
low concentration of Ni elements in NiO-pC;N,. Ni-N-CNS-0
and Ni-N-CNS/CNT-X showed mixed patterns including Ni
(111), Ni (200), Ni (220), and broad C (002) peaks
corresponding to polycrystalline carbon, in line with TEM
and STEM observations. The XRD results confirm the material
transformation during the CVD process from pC;N, to
polycrystalline carbon, which is the typical carbon structure
in nitrogen-doped carbon catalysts.'”**>*

Nitrogen adsorption and desorption analyses were carried
out to further reveal the Brunauer—Emmett—Teller (BET)
surface area of each sample. As revealed by the BET isotherms
in Figure S5a, NiO-pC;N, showed a low adsorption quantity
with a BET surface area of 7.6 m*/g (Table S1), indicating a
bulk structure with few pores. Ni-N-CNS-Y (Figure SSb) has a
much larger absorption quantity with strong absorption in the
low relative pressure range (P/P, = 0—0.1) and a distinct
hysteresis loop in the larger pressure range (P/P, > 0.5),

https://doi.org/10.1021/acscatal.1c01864
ACS Catal. 2021, 11, 10333-10344


https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c01864/suppl_file/cs1c01864_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c01864/suppl_file/cs1c01864_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c01864/suppl_file/cs1c01864_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c01864/suppl_file/cs1c01864_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c01864/suppl_file/cs1c01864_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c01864/suppl_file/cs1c01864_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c01864/suppl_file/cs1c01864_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c01864/suppl_file/cs1c01864_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c01864?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c01864?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c01864?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c01864?fig=fig3&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c01864?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

a
Ni-N-CNS/CNT-60
C(002)
R NI oy NiEN-CNS/CNT-20
3 Ni(220)
s
2 Ni-N-CNS/CNT-5
k5
=
Ni-N-CNS-0
C(002) NiO-pC,N
S\

20 25 30 35 40 45 50 55 60 65 70 75 80
260 (%)

Adsorption quantity (cm®g)

o

—=— Ni-N-CNS/CNT-5
—— Ni-N-CNS/CNT-20
—— Ni-N-CNS/CNT-60

800

600

EN

o

o
L

n

o

o
1

0-— T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P0)

c d
< &
s s Ni-N-CNS/CNT-5
= =
Ni-N-CNS-0
500 1000 1500 2000 ggo 875 870 865 860 855 850
. .1
e Raman Shift (cm™) f Binding Energy (eV)
1.6
. Ni K-edge —— Ni-N- -
=N 5] ::(;ACNS/CNTzo
2 12] ——NiPc
S 4 —— Ni Foil
k<Y
2 1.0 &
=,
< 0.8 =
3 c
N 0.6 x 2]
g —— Ni-N-CNS/CNT-20
5 041 ——NiO
Z 2] ——NiPc L
’ —— Ni Foil
0.0 T T
8320 8340 8360 8380 0 1 2 3 2 5 6
Energy (eV) Radial Distance (A)

Figure 4. (a) XRD patterns, (b) BET isothermal plots, (c) Raman spectra, and (d) XPS Ni 2ps, spectra of Ni-N-CNS/CNT-X. (e) XANES and

(f) EXAFS spectra for Ni-N-CNS/CNT-20 and standard references.

corresponding to the micropores and mesopores, respec-
tively.”> The BET specific surface areas of Ni-N-CNS-0 and 20
are at the same level, 674 and 655 m?/g, respectively. With the
growth of CNTs during the CVD process, the strong
adsorption in the low-pressure range significantly reduces in
Ni-N-CNS/CNT-X samples (Figure 4b), indicating the
disappearance of micropores, probably due to the deposited
carbon filling into these pores. The samples with grown CNT's
have similar specific surface areas, at 430, 384, and 441 m?/ g
for S, 20, and 60 min, respectively, and the reason that they are
smaller than those of Ni-N-CNS-Y samples is probably because
of denser CNTs growing during the CVD process since the
commercial CNT with similar tube diameter (Figure S5c)
showed a much smaller BET surface area, 101 m?/ g. Raman
spectroscopy (Figure 4c) reveals two peaks at 1353 and 1580
cm™, corresponding to the disordered carbon (D band) and
graphitic carbon (G band). The intensity ratio between these
two bands (Ip/I;) refers to the defect level of the
materials.””*” With the growth of CNTs, the ratio of Ip/Ig
in Ni-N-CNS/CNT-$ (1.25) and Ni-N-CNS/CNT-20 (1.24)
was slightly larger than that in Ni-N-CNS-0 (1.15). This is
probably caused by the defect-rich as-grown CNTs from the
CVD process where arms or helical architecture could be
observed in the SEM/TEM images representing more
defects.”® Compared to regular carbon structures, these defects
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may facilitate the formation of active sites generally believed to
be Ni-N, anchored in the carbon matrix.””~®" Ni-N-CNS/
CNT-60 showed a smaller I/Ig, 1.10, than the other groups,
probably due to the complete graphitization and aggregation
with a longer time of pyrolysis. Ni-N-CNS-20 showed a similar
Ip/Ig 116, to that of Ni-N-CNS-0, further confirming the
contribution of CNT growth to the carbon defects in the
materials.

The surface compositions and chemical states were
investigated by X-ray photoelectron spectroscopy (XPS). The
survey spectra (Figure S6) of Ni-N-CNS-0 and Ni-N-CNS/
CNT-X display all C, N, O, and Ni peaks. The high-resolution
C 1s spectrum of NiO-pC;N, (Figure S7) displays two peaks
of binding energy values at 284.8 and 287.8 eV corresponding
to the graphite carbon and sp>-bonded carbon in pC;N,,
respectively.”” However, only the peak at 284.8 eV was
observed in the spectra of Ni-N-CNS and Ni-N-CNS/CNT-X
(Figure S7), confirming the decomposition of pC;N, and the
release of N species during the CVD process. As shown in
Figure S9, the high-resolution N 1s spectrum of NiO-pC;N,
reveal the nitrogen composition consisting of pyridinic N
(398.3 eV), Ni-N (399.5 eV), pyrrolic N (400.5 eV), graphitic
N (401.3 eV), and oxidized N (403 eV)."”**"% The pyridinic
N peak dominates the nitrogen composition of NiO-pC;N,
indicating the uniform distribution of the sp’-hybridized
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aromatic N bonded to carbon atoms, a typical pC;N,
structure.”® The N 1s spectra of Ni-N-CNS-0 and Ni-N-
CNS/CNT-X (Figure S9) and Ni-N-CNS-20 (Figure S8) also
reveal the formation of these N species, indicating N doping
after the CVD process. It is possible that these N species were
derived from the decomposed pC;N, and those evaporated
and redeposited on the CNT surface, thus creating Ni-N,
active sites on both CNS and CNT. The percentage of
different N species is listed in Table S2, and the increase of
bulk-hosted graphitic N with CVD time suggests the
decomposition of pC;N, and the formation of CNTs. This is
also confirmed by the surface element composition measured
by XPS in Table S3, where N surface contents decrease while
C contents increase with the CVD time. Moreover, Ni-N-
CNS/CNT-20 has more C and fewer N contents than that of
Ni-N-CNS-20, further suggesting the CNT growth from the
C,H, dissociation. The Ni atomic contents measured by XPS
are 0.8, 0.5, 0.4, and 0.2 at. %, for Ni-N-CNS-0 and Ni-N-
CNS/CNT-5, 20, and 60, respectively. Also, the Ni-N-CNS-20
sample has 0.6 at. % Ni, larger than that in Ni-N-CNS/CNT-
20 (0.4 at. %). Because XPS as a surface characterization
technique has a detection depth less than 5 nm,”” this trend of
decreasing Ni content with longer CVD time suggests that Ni
particles are encapsulated by CNTs, agreeing with the
observations from TEM analyses (Figure 3b). The Ni content
of Ni-N-CNS/CNT-20 detected by ICP is 5.2 wt %, much
larger than that from XPS (1.9 wt %), further confirming the
encapsulation of Ni nanoparticles. In addition, the binding
energies of Ni 2p;,, in Ni-N-CNS-0 and Ni-N-CNS/CNT-X
(Figure 4d) all have an obvious shift toward higher values
compared to Ni metal,'”** suggesting that the majority of the
surface Ni oxidation state was counted from the Ni-N site
instead of wrapped Ni nanoparticles.
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More details on the chemical environment and atomic
coordination of Ni atoms were revealed by X-ray absorption
spectroscopy (XAS). Ni foil, nickel phthalocyanine (NiPc),
and nickel oxide (NiO) were also tested as standard references.
X-ray absorption near-edge structure spectroscopy (XANES)
in Figure 4e shows that the rising edges of Ni-N-CNS/CNT-
20 are very close to Ni foil (Ni°) indicating the dominance of
metallic Ni, formed in the reducing environment during the
catalyst synthesis.”® The rising edges of Ni-N-CNS/CNT-20
show a slight shift toward NiO (Ni**) probably due to the
presence of Ni-N active sites in which the electrons are
attracted toward the neighboring heterodoped atoms such as
N, in agreement with XPS results, where Ni peaks also possess
a shift away from Ni® (Figure 4d).* Fourier transform (FT)
extended X-ray absorption fine structure (EXAFS) was further
carried out to analyze the atomic-level structure. As shown in
Figure 4f, Ni-N-CNS/CNT-20 has two prominent peaks at
around 1.4 and 2.2 A, which can be ascribed to the Ni-N and
Ni-Ni coordinations, confirmed by the same positions of Ni-N
in NiPc and Ni-Ni in the Ni foil. No pronounced Ni—O peak
was observed. These results indicate that both Ni-N sites and
the Ni nanoparticle structure are present in the catalyst system.
Although the exact coordination number of Ni-N and Ni-Ni
cannot be determined reliably by fitting because of the
coexistence of Ni nanoparticles and single atomic Ni, the XAS
characterizations confirm the presence of both Ni-N active
sites and encapsulated Ni nanoparticles in the CNS/CNT
hybrid system synthesized by the CVD pyrolysis method in
this work.

Fourier-transformed EXAFS spectra of Ni-N-CNS/CNT-20
and Ni-N-CNS-20 are further compared. Even though the
exact coordination number cannot be obtained by fitting, the
peak intensity tells the difference in the coordination number
qualitatively. Because of the similar intensity of the Ni-N peak
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(1.4 A) (Figure S10a), the coordination number of Ni in the
Ni-N structure in these two samples should be similar. A
broader Ni-N peak in the Ni-N-CNS/CNT-20 EXAFS spectra
compared to that in the Ni-N-CNS-20 EXAFS spectra means a
larger disorder degree. The larger intensity of the Ni-Ni peak
(2.2 A) of Ni-N-CNS-20 reveals a larger coordination number
in Ni nanoparticles or a larger Ni particle size. This suggests
that the subsequent growth of CNTs on Ni nanoparticles (to
form Ni-N-CNS/CNT-20) will lead to the spread of Ni
contents, i.e., the formation of atomic Ni sites along the length
of the CNT. Moreover, the pre-edge and absorption edge of
Ni-N-CNS/CNT-20 shift to a higher energy region compared
with that of Ni-N-CNS-20 (Figure S10b,c), meaning that the
average oxidation state of Ni in Ni-N-CNS/CNT-20 is a little
bit higher. This further demonstrates more unsaturated Ni-N,
(x < 4) sites and/or smaller Ni nanoparticle sizes in Ni-N-
CNS/CNT-20.

3.2. Evaluation of CO,RR Activity. 3.2.1. H-Cell
Electrolysis: Structure—Performance Correlation. The elec-
trochemical CO, reduction performance was evaluated in a
three-electrode H-cell reactor. The significant increase of the
linear sweep voltammetry (LSV) results recorded in the CO,-
saturated 0.5 M KHCO; electrolyte compared to that in Ar-
saturated solution indicates the occurrence of the CO,RR
(Figure S11). No liquid product was detected by NMR as
shown in Figure S12. The Faradaic efficiency of CO
(FE(CO)), the total current densities (J), and the CO partial
current densities (Joo) are revealed in Figure Sa, Figure S13,
and Figure Sb, respectively. NiO-pC;N, shows almost no
CO,RR activity with FE(CO) of only around 0.2%, indicating
that the Ni-N active sites did not form during the precursor
preparation. Ni-N-CNS-Y also show sluggish CO,RR activity
in terms of CO current densities with only 1.4 and 2.7 mA/cm?*
at —0.69 V (vs RHE) and FE(CO) values of 53 and 47% for
the 0 and 20 min samples, respectively, suggesting that few
active sites were formed without the CVD process. With only §
min CVD growth, Ni-N-CNS/CNT-$ presents a much larger
CO current density, 12.2 mA/cm? at —0.67 V, and an FE(CO)
of 81%. Ni-N-CNS/CNT-20 has a further increased ], 18.9
mA/cm?® at —0.66 V with 90% FE(CO) and 28.9 mA/cm? at
—0.74 V with 91% FE(CO). Ni-N-CNS/CNT-60 exhibits the
highest CO selectivity of 96% at —0.67 V with a slightly smaller
Jco, 15.1 mA/cm?. The significantly higher Jo and FE(CO) of
Ni-N-CNS/CNT-X samples than those of Ni-N-CNS-Y
indicate that the majority of the active sites were formed
during the CVD process. Results of repeated tests for Ni-N-
CNS/CNT-20 and Ni-N-CNS-20 (Figure S14) indicate good
repeatability of the H-cell experiments.

Electrochemistry characterizations are carried out to further
investigate the electrochemical property of each sample. As
revealed by the electrochemical impedance spectroscopy (EIS)
in Figure S15a, Ni-N-CNS-0 and all Ni-N-CNS/CNT-X
samples have about two orders of magnitude smaller charge
transfer resistance (semicircle diameter in a Nyquist plot) than
that of NiO-pC;N,, indicating a better electron transfer
capability from the catalyst to the electrolyte, while the three
samples with CNT growth (Ni-N-CNS/CNT-X) show a
further reduced charge transfer resistance than Ni-N-CNS-0,
with the smallest resistance observed in Ni-N-CNS/CNT-20.
The comparison between Ni-N-CNS/CNT-20 and the CNT-
free counterpart Ni-N-CNS-20 in Figure S15b demonstrates a
lower charge transfer resistance in Ni-N-CNS/CNT-20. In
addition, the double-layer capacitances (Cy) of all the samples

are compared in Figure Sc. The Cq was obtained by cyclic
voltammetry (CV) in a non-Faradaic potential range from 0 to
0.3 V vs RHE (Figure S16a—f) and calculated by using the
slope of the plots of current density differences as a function of
applied scanning rates. Ni-N-CNS/CNT-20 had the highest
Cy value, 64 mF/cm’, indicating the highest electrochemical
surface area (ECSA), as ECSA is positively proportional to Cy.
Ni-N-CNS-0, Ni-N-CNS/CNT-5, and Ni-N-CNS/CNT-60
had Cy values at 0.2, 47, and 54 mF/cm?, respectively. The
variations of the ECSA among the samples correlate well with
those of the CO current density, confirming that Ni-N-CNS/
CNT-20 possesses the highest active site density among all
groups. The CNT-free sample Ni-N-CNS-20 showed a much
lower Cy (1.7 mF/cm?) than that of Ni-N-CNS/CNT-20 (64
mF/cm?). The Jco values normalized by the ECSA (Joo/
ECSA) are calculated. Interestingly, Ni-N-CNS-Y samples have
a larger Joo/ECSA than Ni-N-CNS/CNT-X (Figure S17a),
while Joo/ECSA values are similar within Ni-N-CNS/CNT-X
samples (Figure S17b). However, due to the larger ECSA
(more electrochemically active sites) and lower charge transfer
resistance of Ni-N-CNS/CNT-X in comparison to Ni-N-CNS-
Y, the CO,RR performances of Ni-N-CNS/CNT-X are much
higher. This result indirectly demonstrates the advantage of the
3D hybrid CNS/CNT structure. The long-term stability
measurement in Figure Sd shows a stable electrolysis in
terms of both FE(CO) and current density for 26 h without an
obvious decrease.

As confirmed by the SEM/TEM images, the CNTs grown in
Ni-N-CNS/CNT-X linked the CNS layers and formed a 3D
hierarchical structure. The highly conductive nature of CNTs
significantly reduces the charge transfer resistance and exposes
more electrochemical active surface areas than those of Ni-N-
CNS-Y as determined by the electrochemical characterizations.
XAS and HAADF-STEM reveal the Ni-N bonds and atomic Ni
sites, respectively, which are generally accepted as the active
sites for the CO,RR in previous studies.'”*”** However, a
longer CVD process will result in more N elements released
due to the decomposition of pC;N, as evidenced by XPS,
resulting in less potential N sources to form Ni-N active sites.
The balance among the charge transfer resistance, electro-
chemical active surface area, and the nitrogen content loss led
to the current density first increasing then decreasing with a
longer CVD process, with the highest value being observed in
Ni-N-CNS/CNT-20.

To further understand the structure—performance relation-
ship, the materials’ property and performance of Ni-N-CNS/
CNT-20 were compared to Ni-N-CSN/CNT-20-acid, which
was synthesized by washing Ni-N-CNS/CNT-20 with HCI for
24 h. As shown in Figure S18a, Ni-N-CNS/CNT-20 and Ni-N-
CNS/CNT-20-acid achieved similar FE for CO, which
suggests that most of the Ni NPs are encapsulated by carbon
layers and thus not washed out by acid; otherwise, the
FE(CO) would have been hi%her for the acid-washed one since
Ni NPs favor the HER.'”"*”" Ni-N-CNS/CNT-20-acid shows
a slight decrease in CO current compared to that of Ni-N-
CNS/CNT-20 (Figure S18b) possibly due to the generation of
a small quantity of oxygen functional groups during the acid
wash,”” which reduces the charge transfer resistance as shown
in Figure S18c. TEM images of Ni-N-CNS/CNT-20-acid
(Figure S18d,e) show a similar structure to that of Ni-N-CNS/
CNT-20 with clear Ni NPs remaining after acid wash. Further
HR-TEM imaging of a Ni nanoparticle in Ni-N-CNS/CNT-
20-acid (Figure S18f) confirms that the encapsulation by
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Figure 7. (a) CO,RR performance measured in a flow cell and (b) the result of a 26 h flow cell stability test.

carbon layers was well preserved after acid washing. This
encapsulation blocks Ni nanoparticles from contacting the
reactants during electrolysis, which results in the high
selectivity of CO in Ni-N-CNS/CNT-20 even if Ni nano-
particles and atomic sites coexist in the system.

In order to prepare a sample of only CNT's as a comparison
to further investigate the role CNT and CNS play in the hybrid
system, Ni-N-melamine-20 was prepared by 20 min CVD
using the same procedure except eliminating the pre-
polymerization of melamine to pC;N,. From the SEM images
of Ni-N-melamine-20 in Figure S19, the sample is dominated
by larger diameter CNTs without an obvious CNS structure,
which is different from that of Ni-N-CSN/CNT-20 (Figure
S19a). Similar morphologies were observed in the previous
studies, where the pyrolysis of melamine and CNTs will only
result in a tube-structure material.”>’* This is probably because
melamine is less thermally stable and decomposed more
rapidly than pC;N,, as a result of which the layer substrate was
difficult to form.”>’® As shown in Figure S20, the CNT-
dominant sample Ni-N-melamine-20 has a higher FE(CO)
than that of Ni-N-CNS/CNT-20, 97% vs 90% at —0.66 V.
However, the current density of CO in Ni-N-melamine-20 was
significantly lower, at 9.0 mA/cm® vs 18.9 mA/cm’ for Ni-N-
CNS/CNT-20. This could be resulted by a better Ni element
distribution and less Ni nanoparticle formation without the 2 h
pre-polymerization treatment in air. However, the lack of a 3D
hierarchical structure eliminates the advantages that Ni-N-
CNS/CNT-20 possesses, making the current density of Ni-N-
melamine-20 lower. The results indicate the significance of pre-
polymerization of melamine and the formation of pC;N,.
Forming a layer substrate by pre-polymerization is essential to
the hierarchical structure and CO,RR performance.
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The correlation between the characterizations and perform-
ance suggests that with the growth of CNT and generation of
CNS, the hybrid system possesses high CO,RR catalytic
activity and selectivity, placing it among the top ones in the Ni-
N-C catalysts reported in the literature. As shown in Table 4,
the 5 min and 60 min CVD samples in this work already show
comparable CO,RR performance to the previous reports. For
the 20 min CVD sample, the average CO current density
reaches 18.4 and 27.8 mA/cm? at —0.66 and — 0.74 V,
respectively, making Ni-N-CNS/CNT-20 achieve one of the
best activities among the top-tier literature under the same
electrolysis conditions (Figure 6a,b). Compared to conven-
tional 1D or 2D-structured M-N-C catalysts, the 3D CNT/
CNS hierarchical structure developed in this work possesses a
better mass transfer rate and higher conductivity, and the
synthesis requires less pyrolysis time, lower temperature, and
no additional treatment, suggesting a more energy efficient and
cost-effective method.

3.2.2. Flow Cell Electrolysis. As revealed in Figure 7a, the
CO selectivity remained above 80% at a wide range of current
densities, from 200 to 600 mA/cm? In average, the CO
selectivity was 99.5% at 200 mA/cm® current density (Joo =
199 mA/cm?) and 85% at 600 mA/cm?® (Joo = 510 mA/cm?),
indicating an excellent catalytic performance that is suitable for
commercial e\pplications.49 In general, as the input current
density increases, the required potential is larger and the
experimental uncertainty becomes larger as well, likely due to
the increased sensitivity to flow cell operation parameters.

The stability of the CO,RR in a flow cell was tested at
different current densities for longer hours. First, the stability
test was performed at 300 mA/cm? for 8 h, and the result is
shown in Figure S21a. A certain increase in H, selectivity and
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decrease of CO selectivity and a slight decrease of the CO
concentration in the effluent gas were observed over time,
while the cathode potential also increased from —0.9 to —1.0 V
after 8 h. According to the studies,”””® the generation of
(bi)carbonates is still one of the biggest challenges in CO,RR
flow cell research, especially at high current densities. The
(bi)carbonates may block the catalyst/CO,/catholyte inter-
face, limit the access of CO, to the catalyst, and make the
electrode more hydrophilic, resulting in degradation in the
long-term test. To further probe the origin of the instability
(since the performance is very stable in the H-cell performance
as shown in Figure 5d), the catholyte was changed with fresh
KOH twice at 4.5 and 6.5 h. With each KOH change, a sharp
decrease in H, selectivity is observed (Figure S21a). This
approach, which is frequently used in the research field,””*
suggests the effectiveness of suppressing the HER by refreshing
the electrolyte and removing the generated (bi)carbonates.
The concentration of produced CO measured at the cell
effluent remained stable at around 3% with no signs of
degradation during the 26 h test.

To further explore the long-term stability without the need
to refresh the electrolyte, a 26 h stability test was performed at
a lower current density, 100 mA/cm?, which is still considered
as a commercially viable current density. As shown in Figure
7b, the CO selectivity in the final products slightly decreased
from 99.5 to 98.3% during the reaction, while the selectivity of
H, slightly increased from 0.5 to 1.7%. The pH decreased from
14 to 11 (Figure S21b), indicating the generation of
(bi)carbonates. Consequently, the resistance of the system
increased because of the decreased OH™ concentration, which
also results in a %radual potential increase over 26 h from
—0.73 to —1.1 V.77

Results from the stability tests at the two different current
densities (300 and 100 mA/cm?) suggest the trade-off between
current and stability, which should be the future research focus
in the community for scale-up studies. Overall, the CO,RR
performances in both H-cell and flow cell setups obtained in
this work are among the few highest ones in the literature by
M-N-C catalysts in terms of current density and CO selectivity,
as shown in Figure 6. Detailed comparisons of experimental
conditions and performances are listed in Tables S4 and S5. In
addition, the flow cell tests of Ni-N-CNS/CNT-20 show a
much higher activity than a traditional Ag/C catalyst (Figure
§22) and better stability than the CNT-structured Ni-N-
melamine (Figure S23) in the same flow cell setup, further
confirming the advantageous 3D CNT/CNS structure of Ni-
N-CNS/CNT-20.

4. CONCLUSIONS

In summary, we demonstrated an approach of chemical vapor
deposition to prepare highly efficient hybrid carbon nanotube
and nanosheet catalysts for a CO,RR. The hierarchical
structure of CNT and CNS (e.g, Ni-N-CNS/CNT-20)
provides a high electrochemical surface area and less charge
transfer resistance than either the CNT-free (Ni-N-CNS-20)
or CNT-dominant (Ni-N-melamine-20) samples. Although
both Ni-N active sites and Ni nanoparticles are formed on the
catalysts, carbon layers grown during the CVD process
encapsulate the Ni nanoparticles and suppress the competing
hydrogen evolution reaction. The as-prepared Ni-N-CNS/
CNT-X catalysts exhibit highly efficient CO,RR activity with
more than 90% FE(CO). Ni-N-CNS/CNT-20 showed the
topmost level of activities in the reported Ni-N-C catalysts,
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achieving stable CO partial current densities of 18.9 and 28.9
mA/cm?* with FE(CO) values of 90 and 91% at —0.66 and
—0.74 V, respectively, in an H-cell setup. The catalyst also
achieved a commercially viable current density at 600 mA/cm?*
in a flow cell with 85% CO selectivity. By taking the advantages
of the hierarchical CNS/CNT structure that is composed of
highly active Ni-N active sites while encapsulating Ni
nanoparticles, the CO,RR performance in both H-cell and
flow cell obtained in this work reached one of the best in the
literature in terms of both current density and CO selectivity in
the field of M-N-C catalysts.
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