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Excessive carbon dioxide (CO2) in the atmosphere is considered
as the primary greenhouse gas that is responsible for global warming.
To control the excess CO2 in the atmosphere, various kinds of CO2
utilization methods that can convert CO2 to valuable chemical
products have been suggested. In particular, electrochemical CO2
reduction reaction (CO2RR) is a promising CO2 utilization method that
can directly convert CO2 into value-added products. Among the
various kinds of value-added products, CO is a promising product
that can be directly utilized in well-established gas-to-liquid
conversion technologies. For example, methanol can be produced by
the hydrogenation of CO in an industrial scale, and liquid hydrocarbon
fuels can be produced by the Fischer-Tropsch process.
To efficiently reduce CO2 to CO electrochemically, the development
i

of effective and selective electrocatalysts is crucial. In this thesis, to
develop highly efficient catalysts with high specific activity, the
activities of atomically dispersed metal atoms on the electroconductive carbon supports are investigated. To utilize atomically
dispersed metal atoms as catalytic active sites, stabilization of them
preventing the agglomeration is essential due to their high surface
energy. Oxide supports are commonly used to stabilize single-atom
metal sites via the strong interaction between the surface oxo ligands
and the metal atoms. However, oxide supports suffer from low
electrical conductivity. To develop electro-active SACs, carbon
supports like graphene or carbon nanotubes can be used as
conductive supports for metal atoms. However, as graphitic carbon
atoms very weakly interact with metal atoms, defects or heteroatoms
in the graphene lattice are required to stabilize the metal atoms on
the carbon surface. And, methods to effectively stabilize the metal
ions on electro-conductive supports are studied in this thesis.
Among the various kinds of carbon materials, polymeric carbon
nitrides (p-CNs) has the unique properties that can stabilize metal
atoms. p-CNs are the polymers that are consisted of either triazine
or heptazine building units. Due to the electron-rich pyridine-like
nitrogen in the building units, they can effectively stabilize the metal
ions. In chapter 2, utilizing this unique property of p-CNs, atomically
dispersed nickel doped polymeric carbon nitrides (Ni-p-CNs) are
prepared. The chemical structure of PCN was investigated by solidii

state NMR measurement. And, the coordination structure of the
nickel atoms was investigated by X-ray absorption spectroscopy.
Further, to investigate the electro-catalytic property of Ni-p-CNs,
the hybrid structure of Ni-p-CNs and multi-walled carbon nanotube
was prepared as Ni-p-CNs have low electro conductivity to be
electrochemically investigated. And, highly selective CO2 to CO
reduction activity of single atom nickel sites in Ni-p-CNs was
demonstrated.
The other approach to stabilize the atomically dispersed metal
atoms is to directly dope single atom metal to carbon surfaces.
However, due to the chemical stability of π conjugated carbon
atoms, the direct formation of metal-carbon bond in graphitic carbon
lattice is challenging. To facilitate metal doping in the carbon lattice,
usually, hetero-atoms, such as nitrogen, oxygen, or sulfur is codoped to stabilize the metal atoms. Among the hetero-atoms,
nitrogen atoms are the most common hetero atoms co-doped in
carbon lattice to stabilize metal atoms. In chapter 3, to address this
issue, a facile ligand assisted method to stabilize the nickel atoms on
graphene

sheets

was

investigated.

Tris(2-benzimidazolyl-

methyl)amine (NTB) ligand was introduced to homogeneously
disperse nickel atoms on graphene oxide sheets (GO). As the NTB
ligands can strongly interact with the GO sheets by π-π
interactions and also ligate nickel ions, they can effectively stabilize
nickel ions on GO sheets by forming Ni(NTB)-GO complexes. Highiii

temperature annealing of Ni(NTB)-GO under an inert atmosphere
produces nickel and nitrogen-doped reduced graphene oxide sheets
(Ni-N-RGO) with single-atom active sites. And, Ni-N-RGO
exhibits high CO2 to CO reduction selectivity with 97% Faradaic
efficiency at -0.8 V vs. RHE.
In electrochemical CO2 reduction reaction, the mass transfer of CO2
to the electrode surfaces can be limited by the low solubility of CO2
in the aqueous electrolyte, and the current density for CO2 reduction
can be limited. To enhance the limited transfer of dissolved CO 2 to
the electrode, direct flow of CO2 through the electrodes is an
effective way to improve the CO2 mass transfer and CO2 reduction
rate. In chapter 4, to address this issue, the membrane electrode
assembly (MEA) based cell was investigated. The catalysts were
deposited between a gas diffusion layer and an ion exchange
membrane to form an MEA. And, gaseous CO2 was directly flow
through the GDL enhancing the CO2 mass transfer to catalyst
surfaces. Further, as the three-dimensional structure of catalyst is
beneficial for maintaining the three-phase interfaces of catalyst
(solid), electrolyte (liquid) and CO2 (gas), single atom nickel and
nitrogen doped three-dimensional porous carbon catalysts are
developed. In conventional H-cell configuration where the working
electrode is immersed in the electrolyte, the catalysts exhibit current
density about 50 mA/cm2 at −1.0 V vs. RHE with high CO selectivity.
In MEA based cell, benefiting from the short diffusion length of CO2
iv

to the catalyst surfaces and the three-dimensional structure of the
catalysts, a high CO production rate exceeding 300 mA/cm2 with 99%
Faradaic efficiency was achieved.
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Chapter 1. Introduction
1.1. Demand for sustainable carbon cycle
With the increased human activity after the industrial revolution,
the global demand for energy keeps increasing. However, as the
energy supply mainly depends on the consumption of fossil fuels, the
increased human activities result in the excess emission of carbon
dioxide (CO2) to the atmosphere. According to the Mauna Loa
volcanic observatory which has been recording the atmospheric CO2
concentration since 1958, the CO2 concentration sets new record
exceeding 405 ppm in 2017, which is the value increased by almost
100 ppm since the industrial revolution (Figure 1.1 a).
The excess CO2 in the atmosphere is considered as the primary
greenhouse gas that is responsible for global warming. Several
observatories keep track of global average surface temperature
(NASA's Goddard Institute of Space Studies (GISS), National
Oceanic

and

Atmospheric

Administration's

(NOAA),

National

Climatic Data Center (NCDC), and, Japanese Meteorological Agency).
And, all measured data clearly show that there was a sharp increase
in the global temperatures at the 20th century and the global surface
temperature has been increased until the present day (Figure 1.1 b).
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Figure 1. 1 a) Atmospheric carbon dioxide concentration measured
at Mauna Loa Observatory. b) Global surface temperature measured
at four independent observatories.

The main concern about global warming is the risk of selfreinforcing feedbacks. Steffen et al. investigated the possible
feedbacks in the Earth System that could accelerate global warming.1
They suggested that there is a threshold that, if crossed, can cause
continued warming on a “Hothouse Earth” pathway even human
emissions are reduced after that point. The global ecosystem has an
ability to stabilize the intermediate temperature rises. However,
crossing the threshold would lead to irreversible temperature rise, a
2

much higher global average temperature than any interglacial in the
past, causing serious disruptions to ecosystems, society, and
economies. And, they emphasized the importance of collective human
action to steer the earth system away from a potential threshold and
stabilize it in a habitable interglacial-like state.

Figure 1. 2 a) Global map of potential tipping cascades. Arrows show
the potential interactions among the tipping elements based on expert
elicitation that could generate cascades. b) Stability landscape
showing the pathway of the Earth System out of the Holocene and
thus, out of the glacial-interglacial limit cycle to its present position
in the hotter Anthropocene.
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One of the most recently taken global action to mitigate global
warming is the Paris Agreement adopted by consensus at 2015
United Nations Climate Change Conference (COP21). The aim of the
Paris Agreement is to keep the global average temperature to well
below 2 oC above pre-industrial levels. Under the Paris Agreement,
the developed countries agreed to mobilize $100 billion a year in
climate finance by 2020 and amounts to be updated by 2025. Also,
each country must determine, plan, and regularly report on the
contribution that it undertakes to mitigate global warming. To achieve
this, several strategies should be involved; reduction of greenhouse
gas emissions, the increase of renewable energy share on energy
consumption, and the increase of energy efficiency (Figure 1. 3).

Figure 1. 3 The key points of the Paris climate agreement

1.2. CO2 utilization methods
Besides the political efforts to mitigate global warming, such as the
4

Paris agreement, researchers have been tried to develop the methods
that can mitigate atmospheric CO2. The carbon capture and storage
(CCS) is a primary step for CO2 mitigation process. Instead of
releasing CO2 into the atmosphere, CCS captures CO2 from the
emitting sources, such as power plant or a cement factory. And,
captured CO2 is transported to storage sites, usually underground
geological formations or depleted oil gas reservoirs. CCS can also be
utilized to capture the CO2 from the ambient atmosphere (Figure 1.4
a).
Another way to mitigate atmospheric CO2 is the CO2 utilization
which converts the excess CO2 into valuable chemical feedstocks.
The CO2 utilization can be divided into two categories based on the
oxidation state of carbon after the conversion: non-reductive and
reductive method (Figure 1.4 b).2
In the non-reductive method, the carbon in CO2 keeps its +4
oxidation state. By reacting CO2 with other organic reagents such as
OH−, amines, olefins, alkynes, and dienes, various kinds of valueadded chemical products such as urea, carbonates, and, polymeric
materials are produced.3 In the reductive methods, the oxidation state
of carbon is reduced to +2 or lower to produce chemicals such as
HCOOH, CO, HCOH, CH3OH, or hydrocarbons. Compared to the nonreductive methods, these reactions require electrons to change the
oxidation state of carbon and the reductive potential should be applied.
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Figure 1. 4 a) Schematic showing both terrestrial and geological
sequestration of carbon dioxide emissions from biomass or fossil fuel
power station. b) The CO2 utilization can be divided into those
processes requiring low-energy exchanges, where carbon keeps its
+4 oxidation state (non-reductive), and those processes with highenergy exchanges, where carbon is reduced to produce fuels
(reductive).
While several reductive energy can be provided to CO2 such as
reducing reagents (hydrogen gas), and/or electricity, heat, or
radiation. The electrochemical methods are most

convenient

approaches to reduce CO2 and change the oxidation state of the
carbon. In addition, electrochemical CO2 reduction methods can be
easily combined with renewable energy technology such as
photovoltaics and wind turbines completing the carbon-neutral cycle
(Figure 1.5).
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Figure 1. 5 a) Schematic of electrochemical CO2 reduction. b) carbon
neutral cycle assisted by electrochemical CO2 reduction and
renewable energies.

1.3. Electrochemical CO2 reduction
From the electrochemical CO2 reduction reaction (CO2RR), various
kinds of reaction products can be produced depending on how many
electrons and protons are involved in the reactions. CO and formic
acid are the simplest reaction products in which two electrons and
two protons are involved in the reactions. As the number of electrons
and protons involved in the reactions increases, the C1 products with
7

higher hydrogen contents like methanol and methane can be obtained.
Furthermore, when C-C coupling is involved in the reaction pathway,
C2 products like ethylene, acetic acid, and ethanol can be produced.
The thermodynamic reduction potential for different reductive
potential

calculated

by

the

Gibbs-Helmholtz

relationship

is

summarized in Table 1.1.

Table 1. 1 Standard redox potential of various kinds of CO2 reduction
products

Thermodynamically, the CO2 can be reduced at moderate reductive
potentials around -0.2 to -0.6 V vs. the normal hydrogen electrode
(NHE). However, experimentally, a more reductive potential needs
to be applied to initiate the CO2 reduction reaction. The potential
difference between the thermodynamic reduction potential and the
experimentally observed potential is called an overpotential. In
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electrochemical reaction, the overpotentials can be caused by various
factors: (a) the activation energy required to initiate a electron
transfer to the CO2 molecule, (b) ohmic losses due to the intrinsic
resistance of electrode and electrolyte, and (c) mass transport
limitation of CO2 molecules or protons to the surface of electrodes.
Among them, the main factor that results in the high overpotential for
CO2 reduction is the activation energy. To reduce the CO2, CO2*•−
radical should be formed as an intermediate during the reduction
process. And, without proper electrocatalysts, a substantial potential
is required to reduce CO2 to its radical form, which results in the high
overpotential of the CO2 reduction reaction.
So, it is important to find proper catalysts to reduce CO2 at
moderate reductive potential with low overpotential. With a proper
electrocatalyst which has active sites that can bind and stabilize the
CO2 molecules, the formation energy of CO2*− radical can be reduced.
Also, as the CO2 bind to the active sites, linear symmetry of CO2
molecules break down to form a bent structure which protons can
more easily interact with than linear CO2 molecules, the formation of
C-H bond or cleavage of C-O bond can happen more favorably.

1.4. Metal catalysts for electrochemical CO2 reduction
Among the various kinds of materials, metal electrodes have been
extensively studied for the electrochemical CO2RR as they satisfy
9

both requirements; electrical conductivity, and stability under
reductive potential. Hori et al. investigated the CO2 reduction
activities of various kinds of polycrystalline metal electrodes and
summarized in Table 1.2.4

Table 1. 2 Various products from the electrochemical CO2 reduction
using metallic electrodes
The metal electrodes show differences in the major products they
produce. Metals such as Au, Ag, Zn, and Ga mainly produce CO as
the main product. Metals such as Pb, Hg, Sn, and Cd produce formate
instead of CO. Metal such as Ni, Fe, Pt, and Ti show little activity
toward CO2 reduction in the aqueous electrolyte as they reduce
proton in water instead of CO2 producing hydrogen as main products.
And, the copper shows interesting properties among the various
metal electrodes as it can reduce CO2 to products with higher
molecular weight, such as alcohols or hydrocarbons.
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1.4.1 Electrochemical reduction of CO2 to CO
Metals such as Au, Ag, Zn, and Ga are known to reduce CO2 to CO
as the main product. It is suggested that the surface of metal should
favorably absorb the CO2 to form COOH* intermediate to be a
reduction of the CO2 to CO is facilitated by the metal surfaces (Figure
1.6).

Also, CO* should not bind too strongly so that it can be

desorbed from the surface producing gaseous CO.

Figure 1. 6 Mechanism that includes pathways for CO production from
CO2.

To understand the activity of metal electrodes for the CO2 to CO
reduction reaction, Hansen et al. calculated the COOH formation
energy and CO absorption energy for metal surfaces with DFT
calculations.5 The calculation results described the activity trends of
metal electrodes well (Figure 1.7). The surfaces of metals (Pt, Pd,
Rh, and Ni) which produce hydrogen dominantly showed highly
negative CO absorption energy. As the CO molecules strongly bind
11

to the active sites, metal surfaces are passivated and become inactive
toward CO2 reduction.
However, the metal surfaces of Au and Ag which are active for CO
production show relatively positive CO adsorption energy. As they
weakly bind CO, the CO molecules produced can be easily desorbed
from the surfaces. And, the CO2 reduction rate will be limited by the
formation of COOH intermediates.

Figure 1. 7 Kinetic volcano for CO evolution at a 0.35 V overpotential
from the (211) step of transition metals. The transition metals fall
along a trend line that does not pass over the top of the volcano.
However, the noble metals are near the optimum along this trend line.
The specific CO evolution current from ChCODH II and MbCODH
enzyme models is comparable or better than that from the noble
metals.
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Feaster et al. investigated the CO2 to CO reduction activity trends
of various metal electrodes by DFT calculation.6 For the CO reduction
pathway, *COOH reaction intermediates was considered the reaction
determining step. The theoretically calculated binding energies of
*COOH and experimentally measured CO partial current densities of
each metal surface are plotted in Figure 1.8. A so-called volcano like
trend in activity is observed where the Au surface is at the peak of
the volcano plot. The volcano plot implies the Sabatier principle,
which states that binding to key intermediates that is neither too
strong nor too weak leads to maximum activity. The observed
volcano plot well matches with the hypothesis that CO2 reduction to
CO proceeds through a carbon-bound *COOH intermediate. And, Au
with high CO2 to CO reduction activity appears near the top of the
volcano, suggesting that *COOH is a key intermediate for CO2
reduction to CO on Au.6

Figure 1. 8 Volcano plot using *COOH binding energy as a descriptor
for CO partial current density at −0.9 V vs RHE.
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1.4.2 Au based electrocatalysts
From both DFT calculations and experimental observations, Au is
well known for their activity toward the electrochemical reduction of
CO2 to CO. However, due to its rarity, researchers try to improve the
specific activity of Au based catalysts by developing nanostructured
electrocatalysts.
Zhu et al. investigated the activity of Au nanoparticles (Au NPs)
with various sizes.7 Among the Au NPs with various size, 8 nm Au
NPs showed the best CO2RR activity with maximum FE of 90%
(Figure 1.9). And, from the DFT calculations, they suggested that
the Au (111) and Au (211) crystal facets have different activities for
CO2RR. Au (111) crystal face was determined to be unsuitable for
CO2 reduction due to the large formation energy of *COOH, while Au
(211) (edge sites) was expected to be more favorable for the
production of CO. Furthermore, Au13 cluster (corner sites) was
calculated to be also unfavorable for CO2RR as HER on Au13 cluster
is also more favored than on Au (111) and Au (211). As a result, 8
nm Au NPs with a near-optimum number of edge sites and a small
number of corner sites exhibited high CO2RR selectivity.7
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Figure 1. 9 (a) Potential-dependent FEs of CO production of Au
nanoparticles (b)current densities of CO formation at different
applied potentials; free energy diagrams for the electrochemical
reduction of (c) CO2 to CO and (d) H+ to H2 on Au(111), Au(211),
or a 13-atom Au cluster at −0.11 V vs. reversible hydrogen
electrode (RHE).

Back et al. investigated the effects of Au morphology on CO2RR
using Au nanowires (Au NWs) (Figure 1.10).8 They modeled Au NWs
with square, pentagonal, and hexagonal cross sections and NPs with
cubic, icosahedral, and cuboctahedral shapes. The differences
between the limiting potentials (UL) of HER and CO2RR were
calculated to compare their catalytic performance towards CO2RR. A
more positive UL(CO2RR) − UL(HER) leads to greater selectivity for
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CO2RR than for HER, and a more positive UL(CO2RR) indicates more
activity towards CO2RR. From the DFT calculations, it was suggested
that 1) for Au NPs, the corner sites are more active reaction sites
for CO2RR than the edge sites; 2) all the edge sites of Au NWs are
more active and selective than those of Au NPs, except for cubicNP.8

Figure 1. 10 a) Cross-sectional view of square, pentagonal, and
hexagonal NWs. And, schematics of cubic, icosahedral, and
cuboctahedral NPs. b) UL(CRR) − UL(HER) plotted versus UL(CRR).
UL(CRR) − UL(HER) is an approximate measure of the selectivity for
CRR over unwanted HER, and UL(CRR) represents the activity of
CRR.

Recently, Zhu et al. reported the high CO2RR activity of atomically
precise Au25 nanoclusters with distinct nanorod and nanosphere
morphologies

(Figure

1.11).9

High

CO2RR

activity

of

Au25

nanospheres can be attributed to the negative charge and the
energetically favorable removal of one ligand to generate an active
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site, which can stabilize the *COOH intermediate.

Figure 1. 11 a) Atom packing structures of Au25 nanosphere and
nanorod.

b) Total current density of CO2 reduction, (c) Faradaic

Efficiency (FE) for CO production over Au25 nanosphere and
nanorod catalysts, (d) FEs for CO and H2 at the potential of −1.07
and −1.17 V over Au25 nanosphere and nanorod, respectively. (e)
CO formation rates over Au25 nanosphere and nanorod.
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1.4.3 Ag based electrocatalysts
Ag-based materials are also well known for their activity toward
the electrochemical reduction of CO2 to CO. The catalytic properties
of Ag-based electrocatalysts are also highly associated with their
particle size and morphology.
Kim et al. studied the CORR activity of Ag NPs on carbon supports
(Figure 1.12). Ag NPs with three different sizes (3, 5 and 10 nm)
were immobilized on carbon supports via a one-pot method.10
Cysteamine was used as an anchoring agent to initiate the nucleation
of Ag. Among the different sized Ag NPs, the 5 nm Ag NPs exhibited
the highest CO production FE of 84.4% at −0.75 V vs. RHE and low
overpotential of ∼500 mV to achieve 1 mA/cm2 (Figure 1.12). The
remarkable decrease of overpotential was ascribed to the cysteamine
anchoring agent, which established an Ag–S interaction. According to
the DFT calculations, the Ag–S interaction between cysteamine and
Ag surface would induce surface localization of the unpaired electron
and stabilize the CO2*- intermediate, improving the CO2RR activity.
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Figure 1. 12 a) CO partial current density depending on applied
potential b) CO Faradaic efficiency at the fixed potential at −0.75 V
(vs RHE). c) DFT results on the binding energies of the COOH
intermediate

as a function of Ag nanoparticle size. d) Effect of

anchoring agents on COOH and CO binding energies examined using
Ag(147−n) Cysn (n = 0,1,2,4) models.

Changing the chemical status of the surface is another viable
method to improve its electrocatalytic performance. Especially, it is
suggested that the presence of native oxide on the surface of catalyst
can greatly affect its activity. Mistry et al. investigated the effects of
surface oxidation on the activity of Ag foil by oxidative plasma
pretreatment (Figure 1.13).11 The plasma-treated Ag foil exhibited
high CO2 to CO reduction selectivity with more than 90% FE of CO at
19

−0.6 V vs. RHE. The XPS and TEM measurements revealed that
during the bulk electrolysis oxidized surface was reduced to its
metallic state within the first 3 min of bulk electrolysis. However, it
is suggested that the oxide-derived Ag surface possesses many
defects than untreated metallic Ag surfaces. DFT calculations
revealed that a high population of defects on the surface can lower
the thermodynamic barriers of CO2RR, allowing the reduction of CO2
to CO at a low overpotential.11

Figure 1. 13 a,d) SEM and b,c,e,f) STEM-EDS images of crosssections of Ag foils treated with (a–c) Ar plasma and (d–f) O2 plasma,
before and after CO2 electroreduction at @0.6 V vs. RHE.
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1.4.4 Electrochemical reduction of CO2 to Formate
Metals such as Pb, Hg, Sn, and Cd reduce CO2 to formate instead
of CO. As in the case of CO production, formate also requires two
electrons and two protons to be produced from CO2. However, it is
suggested that the formic acid production reaction undergoes through
HCOO* intermediates pathways different from COOH* intermediates
that produce CO (Figure 1.14).

Figure 1. 14 Mechanism that includes pathways for formate
production from CO2.

To understand the selectivity between CO and formate, Yoo et al
investigated the reaction mechanism on metal surfaces by DFT
calculation.12 First, the free energy of COOH* formation was
investigated which is suggested as key intermediates for the CO
production. As the proton reduction can occur as a competing
reaction for CO2 reduction, hydrogen evolution reaction is also
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considered by calculating the free energy of H* formation at the
active sites. Interestingly, free energies of COOH* and H* formation
on various metal surfaces showed scaling relationship, although some
metals such as Zn, Cd, Pb, Tl, and Sn deviate from a linear
relationship (Figure 1.15).
If the CO2 to HCOOH reduction occurs via the formation of COOH*
intermediates,

the

reduction

of

CO2

to

HCOOH

will

occur

accompanying the large fraction of HER reactions for the metal
species with strong scaling relationship. as the free energies of
COOH* formation strongly correlate with that of H* formation.
However, free energies of HCOO* formation shows little correlation
ship with H* formation.12 So, it is suggested that the selective
reaction can be possible with limited HER reaction if the CO 2 to
HCOOH reduction occurs via the formation of HCOO*.
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Figure 1. 15 a) The scaling relation between the free energies of
COOH* and H* on various transition-metal surfaces b) The scaling
relation between the free energies of HCOO* and H* on various metal
surfaces

Theoretical limiting potentials for CO2 to HCOOH reduction of
various kinds of metal surfaces are plotted in Figure 1.16. Limiting
potential is determined as the lowest energy pathway between two
reaction pathway COOH* vs. HCOO* pathway. And, limiting the
potential for competitive proton reduction is also compared. The area
above the diagonal line where the potential for HCOOH production
equals that for HER includes metal surfaces which favor CO2
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reduction, and the area below the diagonal line includes metal
surfaces where the proton reduction is favored. As can be seen in
Figure 1.16, lead and silver are found to be active for the CO2 to
HCOOH reduction reaction with low overpotential, And, cadmium,
thallium and tin surfaces can be active for HCOOH production with
slightly higher overpotential.12

Figure 1. 16 Theoretical limiting potentials (at pH 0) for the
electroreduction of CO2 to HCOOH vs. those for HER. The dashed
lines show the theoretical equilibrium potentials for electroreduction of CO2 to HCOOH and HER. The diagonal line shows where
the potential for HCOOH production equals that for HER

Feaster et al. also theoretically investigated the CO2 reduction
reaction on tin surfaces, which have been known for its selective
HCOO- producing activities.6 When the partial current densities of
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HCOO− was plotted using *COOH binding energies as a descriptor,
No clear volcano trend is observed indicating that *COOH may not be
the key intermediate for HCOO− production. However, when HCOO−
partial current densities are plotted versus *OCHO binding energies
instead, a clear volcano trend is observed (Figure 1.17). This volcano
suggests that *OCHO is a key intermediate for HCOO− production on
transition metals and provides an explanation for Sn’s high
selectivity toward HCOO−. Au, Ag, Pt, and Cu are on the weak
binding side of the volcano, indicating that *OCHO may not interact
strongly enough with the surface to facilitate HCOO- production. Ni
and Zn are on the strong-binding side of the volcano, indicating that
*OCHO binds too strongly to the surface inhibiting further reduction
to formate. Sn appears near the top of this volcano, implying that Sn
has near-optimal binding energy of the key intermediate *OCHO to
produce HCOO−.
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Figure 1. 17 a) HCOO- production at -0.9 V vs RHE vs. *COOH
binding energies for select metals. No trend is observed, b)Volcano
plot using *OCHO binding energy as a descriptor for HCOO− partial
current density at −0.9 V vs RHE. Sn appears near the top of the
volcano, suggesting that *OCHO is a key intermediate for CO2
reduction to HCOO− on Sn.

To improve the activity of Sn, nanostructured Sn-based catalysts
have been developed. Zhang et al. prepared high surface area tin
oxide nanocrystals on the carbon black supports by a hydrothermal
method.13 These nanostructured Sn catalysts exhibit high CO2 to
formate reduction activity with low overpotentials of ∼340 mV
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(Figure 1.18).

In

aqueous

NaHCO3

solutions,

high

Faradaic

efficiencies for formate production over 93% and current densities
over 10 mA/cm2can be achieved. The notable reactivity toward CO2
reduction achieved here may arise from a compromise between the
strength of the interaction between CO2*− and the nanoscale tin
surface and subsequent kinetic activation toward protonation and
further reduction.

Figure 1. 18 Linear sweep voltammetric scans at 50 mV/s under N2
and in a CO2 saturated solution in aqueous 0.1 M NaHCO3 at bare
glassy carbon electrode (a), glassy carbon electrode with carbon
black (b), electrodeposited tin particles (c), and reduced nanoSnO2/carbon black (d).

It is also suggested that the chemical status of catalyst surfaces is
also important to obtain high CO2RR activities. Chen et al. evaluated
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the importance of tin oxide (SnOx) on the Sn-based catalysts for the
CO2RR activity of Sn electrodes.14 A Sn electrode with a native SnOx
layer exhibited potential dependent CO2RR activity consistent with
previous reports. However, an electrode with fresh Sn surface
prepared by HBr etching exhibited low CO2RR activity with exclusive
HER over the entire 0.5 V range of potentials examined (Figure 1.19).
The results implicate the participation of SnOx in the CO2RR pathway
on Sn electrodes and suggest that metal/metal oxide composite
materials are promising catalysts for sustainable fuel synthesis.14

Figure 1. 19 (a) XPS spectra of (left) untreated Sn foil before and
after electrolysis and (right) Sn foil after etching in HBr. The red
curves are combinations of two Gaussian/Lorentzian curves at 486.5
eV (green) and 484.7 eV (yellow). (b) Total current density vs time
(solid line), CO faradaic efficiency vs time (■), and overall HCOOH
faradaic efficiency for untreated Sn at −0.7 V vs RHE in CO2saturated 0.5 M NaHCO3. (c) Same data as in (b) for etched Sn.
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1.4.5 Electrochemical reduction of CO2 to hydrocarbons
Among the metal-based CO2 reduction electrocatalysts, the copper
shows exceptional activity reducing CO2 to hydrocarbons such as
methane, ethylene, ethane, and propanol. Peterson et al. proposed a
lowest-energy pathway to produce CH4 by DFT calculation.15 The
proposed reaction pathway is consist of sequential hydrogenation
reactions with seven adsorbed intermediates (COOH*, CO*, CHO*,
CH2O*,

OCH3*,

O*,

OH*)

on

copper

surfaces.

And,

each

hydrogenation steps was plotted as a function of binding affinity for
CO* and OH* (Figure 1.20). Considering scaling relations between
the carbon-bound and oxygen-bound species, limiting potentials (UL)
for the CO2 to COOH* and CO* to CHO* steps are suggested as key
reaction intermediates, requiring the most negative limiting potentials.

Figure 1. 20 The proposed pathway from CO2 to CH4 on copper
surfaces is shown at the top of the figure, and the calculated
adsorption energies of the key bound intermediates on fcc (211)
facets are shown in the two lower figures.
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And based on the Volcano plots, Peterson et al. suggested that the
unique activity of copper is due to its moderate CO binding
affinity(Figure 1.21).15 If the metal has strong CO binding affinity, the
metal surface will be poisoned by CO, if any CO is produced during
the electrolysis. Therefore, metal electrodes with strong CO binding
affinity are not good candidates for the CO2RR. For metals with a
weak CO binding affinity, produced CO can be easily desorbed from
the metal surfaces. however, it is unlikely that the CO will be further
reduced to hydrocarbons.
Based on the Sabatier principle, Cu exhibits the lowest theoretical
overpotential among the metals. Compared with other metals, CO
binding affinity of Cu is stronger than the metal atoms that produce
CO but weaker than those of the metals that produce formate. as the
copper surfaces are suggested to have moderate CO binding affinity
by DFT calculations, copper surfaces can interact with CO and
produce other reaction intermediates on its surface without CO
poisoning. In contrast, Au and Ag weakly bind CO*, which can
promote CO* desorption. Pt has a strong binding affinity for CO*,
which results in poisoning by CO*. The moderate affinity for CO* at
Cu surfaces enables the stabilization of CO* as a key precursor for
further

reduction

reactions,

including

C-C

coupling

hydrogenation, leading to the formation of C2H4 and C2H5OH.
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and

Figure 1. 21 Limiting potentials (UL) for elementary proton-transfer
steps in CO2 to methane reduction. Each line is the calculated
potential at which the indicated elementary reaction step is neutral
with respect to free energy, as a function of the electrocatalysts’
carbon affinity

For the electrochemical reduction of CO2 to C2 products, CalleVallejo et al. proposed that CO dimerization on a Cu surface is the
RDS in the formation of C2 products starts with electron transfer to
form the *C2O2- intermediates which are later protonated to *COCOH.16

Montoya

and

coworkers

also

suggest

a

CO

dimer

configuration on the Cu(111) and Cu(100) surface, where the carbon
atoms are bound to the surface and stabilized by a charged water
layer (Figure 1.22).17 Also, they suggested that the hydrogenation of
*CO is easier than the C-C coupling between *CO at high
overpotentials. As a result, the *CO undergoes hydrogenation to
formyl (*CHO) or hydroxymethylidyne (*COH) species producing
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methane or methanol as major products.

Figure 1. 22 Kinetic barriers for the formation of a CO dimer from
two adsorbed CO species for Cu(111) (left) and Cu(100) (right).

To

develop

electrocatalysts,

the

more

various

efficient
kinds

of

hydrocarbon
nanostructured

producing
copper

electrocatalysts have been developed.
Reske et al. investigated the activity of Cu nanoparticles with
different size from 2 nm to 15 nm size.18 They observed different
product distribution in regard to the size of Cu NPs. For smaller Cu
nanoparticles, higher current density and CO selectivity can be
obtained. While product selectivities for hydrocarbons, such as CH 4
and C2H4 were reduced. As the Cu NPs become smaller, the
proportion of copper atoms with low coordinated sites (less than 8)
on the surface increase. These low coordinated Cu atoms provide a
stronger binding for COOH* and H* facilitating accelerated H2 and CO
production.
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Figure 1. 23 a) Particle size dependence of the composition of
gaseous reaction products (balance is CO2) b) the Faradic
selectivities of reaction products during the CO2 electroreduction on
Cu NPs. c) Ball models of spherical Cu NPs with 2.2 and 6.9 nm
diameters. d) Population (relative ratio) of surface atoms with a
specific CN as a function of particle diameter.

Wang et al also systemically investigated the effect of high energy
facet.19 The high-energy facets were exposed by chemical etching.
By chemical etching the edge of (100)-faceted Cu nanocubes, RD
nanocrystals with (110) facets were synthesized. The RD Cu
nanocrystals showed a significantly enhanced performance in both
aspects of onset potential and current density compared with Cu
nanocubes. Moreover, the selectivity toward hydrocarbons such as
CH4, C2H4, C2H6, and C3H8.
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Figure 1. 24 a) Plot of the length of (110) facets versus etching time
demonstrating the etching rate b) Plot of the length of (110) facets
versus the concentration of TOP-Se and etching temperature c) CO2
electroreduction currents corrected for currents in CO2-free
solutions for Cu nanocrystals with different shapes d) Comparison of
the faradaic efficiency between Cu NCs and Cu RDs toward CO 2
electroreduction.

The surface structure of Cu electrodes can also be modified by
chemically or electrochemically oxidizing the Cu surfaces. Li et al.
modified

copper

surfaces

by

annealing

Cu

foil

in

air

and

electrochemically reducing the resulting Cu2O layers.20 Oxide derived
Cu electrode showed less CO2RR overpotential than polycrystalline
Cu. In detail, a peak faradaic efficiency of ~45% for CO production is
obtained at potentials ranging from -0.3 to −0.5 V vs NHE,
corresponding to 0.19−0.39 V of overpotential for this product.
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Whereas the maximum efficiency for CO with polycrystalline Cu is
reported 20% at −0.4 V. At relatively negative potentials, less than
−0.2 V, OD-Cu catalyzes the CO2 to ethylene and ethane conversion.

Figure 1. 25 a) SEM image, XRD pattern, and XPS spectrum a Cu
electrode (annealed at 500 °C for 12 h) after CO2 reduction
electrocatalysis at −0.5 V vs RHE.b) Faradaic efficiencies for CO and
HCOOH vs potential. c) Faradaic efficiencies for CH4, C2H4, and C2H6
vs potential.
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1.5. Metal-free carbon based electrocatalysts for CO2
reduction
Along with metal-based electrocatalysts, carbon-based materials
show promise as electrocatalysts owing to their high electric
conductivity,

chemical

stability,

and

cost-effectiveness.

With

regards to its chemical inertness, carbon electrodes have less
activity toward proton reduction compared with other metal
electrodes. Due to its high overpotential for proton reduction, carbon
electrodes have an advantage in the suppression of competing HER
reaction leading to higher faradaic efficiency toward CO2 reduction.
However, as intrinsic carbon surfaces suffer from a low catalytic
activity because of the lack of active sites, functionalization of the
carbon surfaces is necessary to improve their catalytic activity.
Doping the carbon structures with heteroatoms such as nitrogen,
oxygen, or sulfur is a well-known method that can increase the
activity of the carbon surfaces. In particular, it is known that nitrogen
atoms on carbon lattices can act as active centers for CO2RR. Various
nitrogen species on carbon supports, such as pyridinic N, pyrrolic N,
and graphitic N, are proposed as the active sites for CO2RR based on
density functional theory (DFT) calculations.
Liu et al. investigated the potential CO2RR activity of nitrogen
heteroatoms on graphene by DFT calculations.21 The DFT calculation
revealed that N-doping can modify the electronic properties of
graphene resulting in a low free energy barrier for the potential36

limiting step to form the key intermediate COOH. Along with the
strong adsorption energy of adsorbed COOH, adsorption energies of
CO or HCOOH are calculated to be weak. Among the different N
moieties in the graphene, pyrrolic N was suggested as the active site
with the highest CO2RR activity with the lowest overpotential for
producing HCOOH as the product.

Figure 1. 26 a) Side and top views of a COOH species on N-doped
graphene b) Calculated free energy diagram without and with applied
potential for CO2 electroreduction to HCOOH and CO on different Ndoped graphenes.
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Various kinds of nitrogen-doped carbon materials such as Ndoped graphitized carbon, N-doped carbon nanotubes, and N-doped
graphene, have been utilized for CO2RR electrocatalysts utilizing
nitrogen atoms as their active centers.
Kumar et al. prepared and investigated the CO2RR activity of
nitrogen-doped carbon nanofibers (CNFs) (Figure 1.27).22 The
CNFs

were

prepared

polyacrylonitrile

by

polymer

the

carbonization

nanofibers.

The

N

of

electrospun

atoms

in

the

polyacrylonitrile led to the nitrogen doping on the CNF after the
carbonization process. The CO2RR activity was measured especially
with EMIM-BF4 as an electrolyte to increase CO2 solubility as well
as to reduce CO2RR overpotential. Two well-defined reduction peaks
located at −0.57 and −1.14 V (vs SHE) corresponded to the selective
conversion of CO2 into CO and H2, respectively. CO2RR was achieved
with a reduced overpotential of 0.17 V. At an applied potential of
−0.57 V (vs SHE), the Faradaic efficiency for the CO formation
reached 98%.
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Figure 1. 27 a) Cyclic voltammograms for CO2 reduction in pure
EMIM-BF4 b) Comparison of the absolute current density for CO2
reduction obtained in pure EMIM-BF4 electrolyte c) The variation in
the peak current density on CNFs electrode as a function of water
mole fraction (%) in EMIMBF4. d) The chronoamperometric curve at
an applied potential of 0.573 (vs SHE) in pure EMIM-BF4.

Wu et al investigated the CO2RR activity of nitrogen doped carbon
nanotube array (NCNT arrays) (Figure 1.28).23 Due to abundant
electron-rich N moieties in NCNTs, NCNTs showed high CO2RR
activity for the conversion of CO2 into CO. In 0.1 M KHCO3, the
NCNTs started to produce CO around −0.52 V vs SHE. The Faradaic
efficiency for CO2 to CO reduction was around 80% at −0.60 V vs
SHE.
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Figure 1. 28 a) Cyclic voltammograms on NCNTs in Ar- and CO2saturated 0.1 M KHCO3 electrolyte b) Dependence of Faradaic
efficiency of the CO formation on applied potentials c) Variation in
partial current density for the CO formation as a function of the
applied potentials. d) Variation in the reduction current and the
Faradaic efficiency for the CO formation on NCNT versus time at the
applied potential −0.8 V (vs SHE).

Zhang et al. investigated the CO2RR activity of nitrogen-doped
carbon nanotubes (NCNTs) with polyethyleneimine (PEI) which acts
as a cocatalyst.24 In CO2 saturated aqueous KHCO3 solution, NCNT
showed higher current density than bare MWCNT suggesting an
important role of nitrogen species as active sites. the highest
Faradaic efficiency for formate production was 59 % at -1.8V vs SCE.
Interestingly, when PEI was decorated over NCNT surfaces,
enhanced CO2 reduction current density is observed and the Faradaic
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efficiency for formate production was also increased to 87 % at 1.8V vs SCE. The author suggested that the cocatalyst of PEI
stabilized the intermediate (e.g., CO2•−) and accumulated CO2 on the
catalyst surface. The possible CO2RR pathway is shown in Figure
1.29. The first step is presumable adsorption of CO2 to active sites
(e.g., N atoms in NCNT) and the formation of CO2•− intermediate.
Then, the cocatalyst PEI stabilize the CO2•− intermediate through Hbond interaction. It was suggested that such a local environment
promotes the formation of CO2•− intermediates and greatly reduced
overpotential for CO2RR.

Figure 1. 29 a) Cathodic linear sweep voltammetry scans at 50 mV/s
in a CO2-saturated aqueous 0.1 M KHCO3 solution. b) Plot of
Faradaic efficiencies for formate production vs applied potential at
CNT/GC, NCNT/GC, and PEI-NCNT/GC electrodes. c) Possible
Pathways of Electrocatalytic CO2 Reduction on PEI-Functionalized
NCNTs
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1.6. Metal and nitrogen co-doped carbon catalysts for
electrochemical CO2 reduction
Although nitrogen moieties in the graphitic lattice can exhibit the
activity for CO2RR, the turn of frequencies of these active sites are
low. And, the electrodes with very high surface area is required to
obtain reasonable CO2RR current density. To improve the catalytic
activities, metal atoms can be doped to the carbon catalysts as active
sites for CO2RR.
Varela et al. investigated CO2 reduction activity of metal and
nitrogen doped carbon which have long been studied as an alternative
catalyst for Pt catalyst for the oxygen reduction reaction. 25
Polyaniline (PANI) was used as a precursor for nitrogen-doped
carbon and Ketjenblack carbon powder was used as support for
polyaniline to attain high surface area. By polymerizing the aniline in
the presence of metal chloride salts, the mixture of metal ion, PANI
and carbon powder was obtained. Subsequently annealing the mixture
under an inert atmosphere, the metal and nitrogen doped carbon
catalysts were prepared. The activity of Fe and/or Mn in nitrogendoped carbon (Fe-N-C, Mn-N-C, FeMn-N-C) were tested for
CO2RR. The activity of metal-free nitrogen-doped carbon (N-C)
derived from PANI and carbon black was also investigated.
Interestingly, N-C also showed relatively high CO Faradaic
efficiency close to 70% at around −0.6 V vs. RHE. However, the
current density for CO production with N-C is low only reaching 2
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mA/cm2 even under highly reductive potential around -1.0 V vs. RHE
indicating low catalytic activity of nitrogen moieties. With the
presence of Fe and/or Mn dopant, the current density is clearly
enhanced confirming the important role of the metal centers.

Figure 1. 30 a) Illustration of a metal surface (left) and a porphyrinelike structure (right). b) The free energy diagram of first binding
either COOH* or H* and then binding a second H* at a nearby site for
the relevant Fe porphyrine-like structure and the Cu metal.

With a similar approach, Ju et al. later investigated the activity of
five different metal atoms (Fe, Mn, Cu, Co, and Ni) doped in
nitrogen-doped carbon.26 The nitrogen precursors were prepared by
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annealing the mixture of bipyridine with copper chloride salts at
relatively low temperature, 500oC. Excess metal species were
removed by acid leaching producing hydrophilic N-doped porous
carbons (N–C) with trace amounts of Cu. Additional transition metal
species (M=Mn, Fe, Co, Ni) were introduced in N–C through incipient
impregnation of metal chloride solutions. The metal chloride and N–
C composite was re-pyrolyzed at 900 °C in Ar atmosphere to give
the final M–N–C electrocatalysis. The Cu–N–C material was obtained
by pyrolyzing the N-C precursors without acid leaching.
Similar to the previous report by Varela et al., Fe and Mn in
nitrogen-doped carbon show high CO2 to CO reduction activity in a
low potential range around -0.55 V vs. RHE. When the potential was
more negative, the HER became the dominant process. The
selectivity toward CO, however, was clearly different, on Fe–N–C the
CO faradaic efficiency reached 65%, whereas the faradaic efficiency
toward CO on Mn–NC was only 40%. In addition, traces of CH4 were
also detected on these two metal centers, confirming that CO2 can be
directly reduced to hydrocarbons using this class of materials as
electrocatalysts.
By contrast, the CO selectivity on Cu–N–C and Co–N–C remained
low across the potential range tested (−0.4 to 0.85 V vs RHE) and
H2 production was clearly the predominant process. Among the
tested metal centers, the highest faradaic efficiency toward CO was
observed on Ni–N–C reaching 85% at −0.78 V versus RHE, indicating
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that Ni-containing catalysts are good candidates for the selective
reduction of CO2 to CO using MNC materials.

Figure 1. 31 Faradaic Efficiencies (FE) vs. applied, IR-corrected
electrode potential of a) H2, b) CO and c) CH4. d) Catalyst massnormalized CO partial currents (mass activity) vs. applied potential
for the five M–N–C catalysts compared to Au catalysts

1.7. Atomically dispersed metal atoms as active sites for
electrochemical CO2 reduction
As discussed earlier for the metallic electrocatalysts, the specific
activity of these catalysts can be increased by adopting the
nanostructured electrodes. High catalytic currents have been
achieved as nanostructured electrode have a high surface area to
volume ratio. However, the nanostructured electrode surfaces
consist of various kind of crystallographic surface with different
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catalytic activity. Such heterogeneity leads to
selectivity due to the undesired side reactions.

low catalytic
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In this aspect, homogeneous catalysts have an advantage as the
property of metal active sites can be systemically controlled by
various kinds of ligands and their structure can be uniquely
determined. However, the homogenous electrocatalysts can suffer
from lower current density then heterogenous electrocatalysts, as
the electron transfer from the electrodes to the electrocatalysts
dispersed in the electrolyte is limited. Whereas the heterogeneous
catalysts can transfer the electrons to the active sites. However, as
the reactions occur at the heterogeneous interface between solid
(catalyst) and liquid (electrolytes), only the atoms at the catalyst
surface

can

disadvantages

involve
in

the

in

the

aspect

reaction,

consequently

of

utilization.

atom

having

Also,

as

aforementioned, it is difficult to obtain high selectivity due to the
heterogeneity in the catalyst surface.
The one solution is the heterogeneous catalyst with atomically
dispersed and controlled active sites, so-called single-atom
catalysts (SACs). SACs can maximize the efficiency of metal atom
use, which is particularly important for supported noble metal
catalysts. Moreover, with well-defined and uniform single-atom
dispersion, SACs offer great potential for achieving high activity and
selectivity. To develop SACs, stabilizing the single-atom metals is
important due to their high surface energy. Oxide supports are
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commonly used to stabilize single-atom metal sites via the strong
interaction between the surface oxo ligands and the metal atoms. 28
However, oxide supports suffer from low electrical conductivity. To
develop electro-active SACs, carbon supports like graphene or
carbon nanotubes can be used as conductive supports for metal
atoms.29
In an effort to find the potential single-atomic active sites on
carbon supports with high CO2 reduction activities, DFT calculations
have been carried out. Back et al. calculated the reaction pathways
to produce a variety of C1 products of a single metal atom anchored
on a single or double-vacancy site of graphene.30 Various kinds of
transition metals (Ag, Au, Co, Cu, Fe, Ir, Ni, Os, Pd, Pt, Rh, and Ru)
were investigated. Based on the binding energies of the metal atoms
either at the single-vacancy model or double-vacancy model, the
single-vacancy model was adopted for Co, Fe and Rh and double
vacancy model for Ag, Au, Cu, Ir, Ni, Os, Pd, Pt, and Ru.
For selective CO2RR, it is important to inhibit the unwanted
hydrogen production, as the protons also can be reduced in the
aqueous electrolyte conditions. Activity for hydrogen evolution
reaction can be evaluated by considering the adsorption of the proton
at the active sites forming H* (Equation). By comparing the formation
energy of H* with the formation energy of and protonation to form
either adsorbed carboxyl (*COOH) or formate (*OCHO) on active
sites, the selectivity toward CO2 reduction can be evaluated. As
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shown in Figure 1.32, many single-atom sites show selectivity
toward CO2RR, as the formation of carboxyl (*COOH) or formate
(*OCHO) on the active sites is favored over a H* formation.

Figure 1. 32 Free energy change of the first protonation step in the
CO2 reduction reaction (CRR) and H2 evolution reaction (HER) on the
various SACs. Catalysts below the dotted parity line are CRR
selective.

He and Jagvaral studied a single metal atom anchored on single
vacancies site of graphene (Ag, Cu, Pd, Pt, and Co).31 A
comprehensive search of the reaction pathways to produce a diverse
of C1 hydrocarbons was conducted for five elements, Ag, Cu, Pd, Pt,
and Co. And the lowest energy pathways have been identified. Figure
1.33 shows the reaction network of electrochemical CO2 reduction to
a variety of C1 hydrocarbons ranging from the 2e- reduction products
(CO, HCOOH) to the 8e- reduction products. Summary of the rate48

limiting potentials (UL) is plotted. The more positive the -UL (or the
more negative the UL), the harder the reaction. Ag has the lowest
overpotential (0.73 V), and is followed by Zn, Ni, Pd, Pt and Ru with
overpotentials all below 1 V. Cu in the supported single atom form
shows a strong preference towards producing CH3OH with an
overpotential of 0.68 V well below the value of 1.04 V for producing
CH4.31

Figure 1. 33 a) Schematic illustration of the reaction network of
electrochemical CO2 reduction to a variety of C1 hydrocarbons. b)
negative of rate limiting potentials (UL) of producing CO, HCOOH,
CH2O, CH3OH and CH4 for Ag, Cu, Pd, Pt, and Co catalyzed CO2
electrochemical reduction.
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The other interesting active sites are the nitrogen coordinated
metal sites. Especially, Metal-N4 sites, where the metal is
coordinated with four nitrogen atoms, have attracted many interests
as they have similar structures with active sites of metalloporphyrins
complexes which show exceptional activity for various kinds of
reactions.
Bagger et al. suggested that the atomically dispersed porphyrinelike active sites in graphitic lattice have an advantage of limiting the
competing HER by the DFT calculation.32 For the single site
porphyrine-like structure, as the active sites consist of single metal
atoms, the HER occurs by Heyrovsky reaction mechanism instead of
the energetically favored Tafel mechanism. In Figure 1.34, the first
step of binding a COOH* or a H* intermediate on the Fe porphyrine
like structure and the Cu metal, and the free energy binding of a
second H* to a nearby site are shown. For the Cu metal surfaces
where both the first and second H* intermediates interact with two
similar metal sites, the energy increase for the second H* is the same
as the first H*. So, the Tafel reaction is possible. While for the Fe
porphyrine-like structure the second H* requires considerably more
energy as it should be bound at the metal-nitrogen bond. Thus, the
CO2RR and HER on the porphyrine-like structure is argued to follow
the Heyrovsky mechanism. Also, it is worth to mention that the Fe
porphyrine-like structure has lower over-potential to reduce CO2 to
COOH* than adsorbing an H++e− which is beneficial for the selective
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CO2RR. However, Cu metal shows lower H* formation over potentials
than what is required for the first CO2 reduction step resulting
dominant HER instead of CO2RR

Figure 1. 34 a) Structural models of nitrogen atoms in various
chemical environments in the N-C catalyst. b) partial current
densities for CO production c) CO and d) H2 Faradaic selectivities

Tripkovic et al. further investigated a possible reaction mechanism
of CO2 reduction to CH4 or CH3OH on the atomically dispersed
porphyrine-like active sites.33 However, strong correlationship
between the binding energies of H* and COOH* which are the first
intermediates of HER and CO2RR is a major obstacle for the selective
CO2RR (Figure). To overcome the hydrogen poisoning problem. They
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suggested that reduction of CO instead of CO2 as a possible solution.
If CO is reduced instead of CO2, then the weak COOH*binding might
no longer present a hindrance. Using CHO* as an indicator, potential
determining steps for CO electroreduction was investigated.
Volcano plots were constructed on the basis of scaling relations of
reaction intermediates. And from these plots, the reaction steps with
the highest overpotentials were deduced. From the Volcano plot, the
Rh−porphyrin-like functionalized graphene was suggested as the
most active catalyst for producing methanol from CO.

Figure 1. 35 a-b)Selectivity criteria defining preference toward HER
or CO2RR.The COOH*and CO*binding energies are calculated with
respect to H2O(l), H2(g), c-d) volcano plots indicating potential
determining steps for CO electroreduction.
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1.7.1 Atomically dispersed iron active sites
In nature, heme-containing iron enzymes carry out a wide range
of functions such as electron transfer, oxygen transport and storage
and catalyzing biologically important reactions such as metabolism of
drugs, steroids, and other types of chemicals.34 In the active site of
these enzymes, iron is coordinated by the four nitrogen of the
porphyrin ring and the axial sites are varied based on their functions.
To mimic the active sites of heme enzymes, iron and nitrogen codoped carbon materials (FeNCs) have been synthesized and
investigated for various kinds of reactions such as oxygen reduction
reaction (ORR) and CO2RR. However, the active sites of these FeNCs
have long been disputed due to the complexity of these materials.
When the FeNCs are prepared by the conventional pyrolysis methods
at high temperature, different kinds of active sites such as Fe NPs or
Fe3C NPs can be produced along with Fe-Nx active sites. And
nitrogen atoms doped into graphitic lattice are also suggested to be
active for CO2RR. Such heterogeneity in the catalysts makes it
difficult to understand the exact active sites of FeNCs.
For example, Li et al. suggested that the N–C based centers can be
more active than the Fe–Nx centers for CO2RR.35 They synthesized
iron and nitrogen doped bamboolike carbon nanotubes (Fe-N-BCNT)
by pyrolyzing the mixture of melamine, carbon black and irontoluenesulfonate. And Fe-N-BCNT shows high electrocatalytic
activity and stability for both the ORR process with an onset potential
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of 1.03 V vs RHE in alkaline and the CO2RR to CO with high faradic
efficiency up to 90% and selectivity of about 100% at a low
overpotential of 0.49 V.
The possible contribution of FeNx centers for ORR and CO2RR is
investigated by poisoning test with SCN−. For the ORR process, the
introduction of SCN- results in the activity decrease with a negative
shift of half-wave potential. As the SCN- can selectively adsorb to
the metal centers, the decrease in the activity indicates that FeNx
centers are active sites for ORR.35
However, for the CO2RR process, both the cathodic current and the
onset potential displayed a slight increase with the addition of SCN−
to the solution. More significantly, with the addition of SCN−, the FE
for CO production increased from 85% to 90% and the FE for H2
production decreased from 1.4% to 0.3% at −0.6 V RHE. As the
CO2RR activity is not decreased by SCN-, it is suggested that the
FeNx centers are not the active sites for CO2RR and the N–C based
centers are active sites more active than the Fe–Nx centers.
Cheng et al. suggested the synergetic effect of FeNx active sites
with Fe2N nanoparticles.36 The carbon nanofiber was prepared by
electrospinning the mixture of PAN and FeSO4 in DMF and
subsequent pyrolysis of resulting fiber at 900

o

C under N2

atmosphere. After pyrolysis, an iron and nitrogen co-doped carbon
nanofiber (Fe-N/CNF) featuring a core-shell structure consisting of
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iron nitride nano-particles encapsulated within Fe and N codoped
carbon layers were synthesized.36
Although the nitrogen-doped carbon nanofiber (NCNF) prepared
by pyrolysis of PAN nanofiber without FeSO4 also show significant
CO2 to CO Faradaic efficiency of 78%, the current density is low
reaching 0.78 mA/cm2 at -0.53 V vs RHE. And, Fe-N/CNF show the
higher current density of 1.12 mA/cm2 with FE of 73% suggesting
the importance of FeNx active sites.
Notably, when Fe-N/CNF is further treated with NH3 (FeN/CNF-2), the catalytic current is increased. During the nitridation,
Fe atoms within the CNF are partially nitride to form the Fe2N
nanoparticles.

When

Fe−N/CNF

was

annealed

under

H2/N2

atmosphere (Fe-N/CNF-H2), the Fe3C phase is formed within the
CNF instead of Fe2N. As the FeN/CNF-2 show much higher CO2RR
current density than FeN/CNF-H2, Authors suggested a vital role of
FexN nanoparticle in CO2RR to CO. They suggested that the
desorption of CO* intermediate from the Fe, N shell is much easier
when incorporated with the iron nitride core by the DFT calculation.
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Figure 1. 36 CO2RR processes on Fe−N4−C (a), and encapsulated
Fe−N4−C on Fe2N (001) (b). The corresponding free-energy
profiles of CO2RR (c) and HER (d).

As in the case of the aforementioned studies, heterogeneity in
these iron-based materials hinders the identification of the true
active centers for CO2RR. To understand the origin of activity in the
Fe-based electrocatalysts and develop more active catalysts, a
synthesis of FeNC with atomically controlled active sites is crucial.
Huan et al. investigated the effect of the ratio between single-atom
FeN4 sites and Fe nanoparticles in the iron and nitrogen doped carbon
catalysts on the selectivity for CO2 to CO reduction.37 The series of
iron-based catalysts were synthesized by the pyrolysis of Fe-, N-,
and C containing precursors. And the ratio between isolated FeN4
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sites and Fe-based nanoparticles is controlled by the amount of Fe
precursors added.
The observed trend in the activity is clear; the presence of Fe
nanoparticles results in the hydrogen evolution reaction decreasing
the CO production selectivity. Notably, the catalysts containing only
FeN4 sites prepared by controlling the Fe loading amount shows high
selectivity for CO2 to CO reduction with Faradaic yields of over 90%,
identifying Fe–N4 moieties as the main active sites for CO2 to CO
reduction reaction.37

Figure 1. 37 a) Faradaic efficiency for CO production and b) CO/H2
ratio of the gas products formed after 5 min of electrolysis at −0.5 V
vs RHE of an aqueous solution of CO2(0.1 M NaHCO3)

Zhang et al. investigated CO2RR activity of atomically dispersed
iron active sites on the nitrogen-doped graphene layers.38 The Fe
and N-doped graphene were prepared by adsorbing the Fe ions on
graphene oxide sheets with their oxygen functional groups and
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subsequent thermal annealing under Ar/NH3 atmosphere. The
presence of atomically dispersed Fe active sites on the nitrogendoped graphene layer was confirmed by HAADF-STEM and XAS
analysis. Fe/NG has a low reduction overpotential with high Faradic
efficiency of up to 80%. The activity of Fe–N4 sites for CO2RR was
investigated by DFT calculations. Especially, it was emphasized that
the nitrogen substitution on graphene can improve the catalytic
activity of the Fe–N4 moieties by lowering the energy barrier of
COOH* formation, as well as facilitating the CO* desorption step.38

Figure 1. 38 Theoretical calculations and proposed mechanism on
the nitrogen-coordinated Fe catalytic site. a) Free energy diagram
for electrochemical CO2 reduction to CO on Fe–N4 moieties
embedded on graphene sheets. b) Top view of the optimized
structures for Fe–N4 moieties embedded on the graphene layer and
potential nitrogen-substitution.

Pan et al. compared the CO2RR activity of Fe-N4 with Co-N4 active
sites.39 By thermal activation of Fe- or Co-doped zeolitic imidazolate
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frameworks-8 (ZIF-8) at 1100 oC, M−N−C catalysts with welldefined M−N4 active sites were prepared. From the electrochemical
activity measurement, it is shown that the Fe-N4 active sites are
more active than Co-N4 for CO2RR to CO, in terms of current density
and a CO Faradaic efficiency. From the DFT calculations, they
proposed the edge-hosted Fe−N2+2−C8 coordination structure as
the active sites for the CO2RR. Compared to the previously proposed
Fe−N4−C10 coordination structure where the Fe atom is embedded
divacant site of the graphitic lattice, the Fe atom in Fe−N2+2−C8
structure is placed between two adjacent armchair-like graphitic
layers. And it is shown that the Fe−N2+2−C8 can more favorably
stabilize the COOH* intermediates than Fe-N4-C10.

Figure 1. 39 (a) Atomic structure of M−N4−C10 and M−N2+2−C8(M
= Fe or Co) active sites. (b) Calculated free energy evolution of CO2
reduction to CO on M−N2+2−C8 sites under an applied electrode
potential (U) of 0 V and−0.6 V. (c) The initial and final state for the
COOH dissociation reaction on M−N4−C10 and M−N2+2−C8 sites.
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1.7.2 Atomically dispersed nickel active sites
As the bulk Ni surfaces can be easily poisoned by CO due to their
strong absorption energy for CO, the bulk or nano-nickel based
electrocatalysts usually have poor electrochemical CO2 reduction
activity with preferential hydrogen production in the aqueous
condition, However, taking into account the reaction mechanism of
Ni-active center in the enzyme such as CO dehydrogenase which
catalyzes the oxidation of CO and CO2 reduction and homogeneous
Ni-cyclam which can selectively reduce CO2 to CO, single-atom Ni
active sites stabilized on the carbon materials are expected to be
active for CO2 reduction different from their bulk or nano states. 40, 41
To make atomically dispersed Ni active sites on the electroconductive carbon supports, inhibition of the metal agglomeration is
the key challenge. Su et al. developed nickel and nitrogen doped
graphene by stabilizing the nickel ions with pentaethylenehexamine
on the surface of graphene oxides (GOs).42 Due to the electrostatic
interaction, pentaethylenehexamine can adsorb on the surface of GOs.
And, adsorbed pentaethylenehexamine coordinated with nickel ions.
And by annealing the mixture at 900 oC, nickel and nitrogen doped
reduced graphene oxides were prepared. The isolated Ni atoms were
revealed by the X-ray absorption spectroscopy. And, nitrogen
coordinated atomically dispersed active sites (Ni-Nx) exhibits high
electrocatalytic activity for CO2RR with CO selectivity
90%,

significantly

outperforming
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that

of

exceeding

N-doped graphene

and Ni metal electrode.42
Li et al. synthesized nickel and nitrogen doped carbon catalysts
with Ni-N4 active sites from nickel doped carbon nitride.43 In this
method, carbon nitride was used as supports for Ni atoms to prevent
their agglomeration. the Ni-doped g-C3N4

were synthesized by

polycondensation reaction of the mixture of dicyandiamide (Figure
1.34), NH4Cl and NiCl2 at 550 oC. And, the prepared Ni-doped gC3N4 were carbonized with glucose as a carbon source. The active
sites are determined to be Ni-N4 sites as an introduction of SCN− to
the electrolyte causes a dramatical depression of catalytic activity
due to the blockage metal centers by SCN-. And, the catalysts
exhibit a high CO2 to CO reduction activity with a current density of
28.6 mA/cm2 with a maximum FE of 99% at −0.81 V.

Figure 1. 40 (a) Schematic illustration of the topo-chemical transformation strategy (b) Linear sweep voltammetric curves. (c)
Faradaic efficiencies for CO.
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With a similar approach, Yang, et al. prepared a nickel and nitrogen
doped carbon electrocatalysts by the carbonization of the mixture of
melamine, amino acid and Ni acetate mixture.44 Melamine was used
as a precursor for carbon nitride which stabilizes atomical Ni atoms
during the pyrolysis process. The Ni SACs achieved a current
density of 350 A/g with CO

FE

of

97%

at

η

of

0.61

V.

Interestingly, the valence state of Ni active centers are determined
to be +1 by XANES analysis. And CO2RR activity could be further
improved by

sulfur

doping

due

to

the

formation

of

Ni

S

bonding, offering possibilities to develop new catalysts through
controlling the coordination environment.

Figure 1. 41 a) LSV curves acquired in CO2 saturated 0.5 M KHCO3
b) CO Faradaic efficiency at various applied potentials c)Normalized
operando Ni K-edge XANES spectra for A-Ni-NG at various biases
in 0.5 M KHCO3 aqueous solution. b) Fourier transform magnitudes
of EXAFS spectra of A-Ni-NG.
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1.7.3 Atomically dispersed cobalt active sites
Compared to the atomically dispersed Ni or Fe active sites,
catalysts with Co active sites usually show high HER activity instead
of CO2RR activity. Fei et al. reported that nitrogen coordinated
single-atom cobalt active sites on graphene sheets have high activity
for the hydrogen evolution reaction.45
The low CO2RR activity of Co-N4 active sites is interesting in that
the Co porphyrin molecules with similar Co-N4 coordination
structure have shown high CO2 to CO reduction selectivity.46 This
suggests that the activity observed on homogenous catalysts are not
directly translated to active sites on the carbon supports. Thus,
control of active sites on carbon supports such as coordination
number is important to understand the activity of cobalt active sites
on carbon supports for CO2 reduction.
In this aspect, Wang et al. prepared series of atomically dispersed
Co catalysts with different nitrogen coordination numbers and
compared their CO2RR activities.47 Cobalt and nitrogen co-doped
carbon catalysts were prepared by carbonization of cobalt doped
ZIF-8. By controlling the carbonization temperature, catalysts with
different coordination number from, Co–N4, Co–N3, and Co–N2, were
prepared at 800, 900, and 1000 °C, respectively. A Co-N2 exhibit
high CO2RR to CO activity with a CO current density of 18.1 mA/cm2
at −0.63 V and a maximum FE of 95% at −0.68 V. Compared to CoN2, Co-N3 exhibit lower CO production FE of 63% at −0.53 V (Figure
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1.34). However, the Co–N4 catalysts exhibit negligible CO2RR
activity with producing mainly hydrogen. The DFT calculation
revealed that easier formation of H* intermediates relative to the
formation of CO2−* promotes the HER on Co–N4. In the case of CoN2, the formation energy of CO2−* intermediate is low facilitating
CO2RR consistent with the experimentally observed high CO2RR
selectivity.47

Figure 1. 42 a) LSV of Co-N2, Co-N3, Co-N4, and Co NPs and pure
carbon paper as a background. b) CO Faradaic efficiencies at different
applied potentials and c) corresponding CO TOF for different
catalysts. d) Catalytic stability test at 0.63 V for 60 h.
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1.8. The importance and opportunity of electrochemical CO
production
Among the various kinds of products from CO2RR, syngas, which is
a mixture of CO and H2, has great potential as it can be readily utilized
in gas-to-liquid conversion technologies.48 Syngas can be used as
feedstock for the production of bulk chemicals, solvents, fertilizer,
pharmaceutical, and plastics. By varying its composition, various
chemical derivatives or fuels such as methanol, formaldehyde, acetic
acid, dimethyl ether, and etc can be produced as shown in Figure.
1.43.
Because of the increasing demand for major end-use applications,
including transportation fuels, chemical intermediates, and fertilizers,
the global consumption of syngas and its derivatives has been
forecasted to reach 146 thermal GW by 2020. Also, owing to the
recent establishment of methanol-to-olefin and methanol-topropylene plants, the rising demand for methanol in China has
resulted in increased demand for the syngas, as the hydrogenation of
carbon monoxide is most widely used methods for producing
methanol.48
Syngas is usually produced by the steam reforming of natural gas.
As steam reforming also requires natural gas, which is a fossil fuel,
the direct electrochemical reduction of CO2 to CO is expected to be a
promising and renewable way to achieve a carbon-neutral energy
cycle. As the electrochemical system can be easily combined with
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renewable energy sources such as photovoltaics and wind turbines.

Figure 1. 43 Syngas derivatives with reference to their composition
(H2/CO molar ratio).
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1.9. Scope of the thesis
In this thesis, to achieve highly efficient CO2 to CO reduction
reaction. The atomically dispersed single-atom nickel active sites
were investigated for the CO2RR activity.
First, polymeric carbon nitrides (PCNs) are utilized to stabilize the
nickel atoms. PCNs are the polymers that are consisted of either
triazine or heptazine building units. Due to the electron-rich
pyridine-like nitrogen in the building units, PCNs have known for
their unique properties to stabilize metal atoms. The chemical
structure of PCN and the coordination structure of the nickel atoms
on PCNs were investigated by various kinds of characterization
methods,

such

as

solid-state

NMR

and

X-ray

absorption

spectroscopy. And, as PCNs have low electro conductivity, hybrid
structure of PCNs and multi-walled carbon nanotube was prepared
to facilitate the electron transfer from electrodes to the nickel active
sites in the PCNs. And, their electrochemical CO2 reduction activity
is investigated.
The other approach to stabilize the single-atom metal is to directly
dope single-atom metal to carbon surfaces. However, due to the
chemical stability of pi-conjugated carbon atoms, the direct
formation of a metal-carbon bond in graphitic carbon lattice is
challenging. To facilitate metal doping in the carbon lattice, nitrogen
atoms are co-doped to stabilize the metal atoms. To prepare the
metal and nitrogen co-doped carbons catalysts, usually, the mixture
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of metal salts and nitrogen-containing precursor are carbonized at
high temperature in an inert atmosphere. However, during the hightemperature carbonization process in a reductive atmosphere, metal
atoms can aggregate to form metal nanoparticles. The presence of
metal nanoparticles makes it difficult to understand the actual active
sites of catalysts.
In chapter 3, the CO2RR activity of single atom nickel on the
nitrogen-doped carbon materials was investigated. And, facile ligand
assisted methods that can make atomically dispersed nickel active
sites

on

graphene

sheets

was

developed.

The

tris(2-

benzimidazolylmethyl)amine (NTB) ligands were used to stabilize
the metal ions on the graphene oxide sheets. As the NTB ligands can
strongly interact with the graphene oxide sheets by pi-pi
interactions and also ligate metal ions, NTB ligands can effectively
nickel atoms on graphene oxide sheets. By annealing the metal NTBgraphene oxide complexes at high temperature under an argon
atmosphere,

reduced

graphene

oxide

sheets

with

atomically

dispersed nickel active sites were prepared. And, their CO2RR
activity was investigated.
Further, to be the CO2 to CO electrolysis economically beneficial,
it has been suggested that achieving high current density is crucial.
Thus to enhance the CO2 reduction rate, it is important to enhance
the limited transfer of dissolved CO2 to the electrode, direct flow of
CO2 through the electrodes is suggested as an effective way to
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improve the CO2 mass transfer and CO2 reduction rate. To achieve
this, a membrane electrode assembly (MEA) was fabricated where
the catalysts are deposited between GDL and PEM, thus making
three-phase interfaces of catalyst (solid), electrolyte (liquid) and
CO2 (gas). As the gaseous reagents can be directly supplied to the
surface of catalysts in an MEA cell, CO2 diffusion pathway to the
surface of the catalyst can be reduced, thus increasing the CO2
reduction current density. In chapter 3, to develop a highly efficient
CO2RR electrolysis cell, the electrocatalysts with three-dimensional
porous structure and single-atom nickel sites were prepared by the
hard template method using ionic liquids as precursors. And, the
activity of prepared catalysts was investigated with MEA based
electrolysis cell.
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Chapter 2. Single-atom nickel stabilization by
polymeric carbon nitride
2.1. Introduction
Among the carbon-based materials, carbon nitrides have attracted
many attentions for their unique properties due to their high nitrogen
contents.1-4 Carbon nitride is one of the oldest synthetic polymers
discovered over 150 years ago. The first polymeric carbon nitride
was discovered by Jöns J. Berzelius in the 1830s and prepared by
igniting mercuric thiocyanate yielding a yellow infusible polymer. And,
Justus Von Liebig named the infusible polymer melon in 1834.5
Structure of polymeric carbon nitride or melon was revealed by Linus
Pauling in 1937. He discovered that the carbon nitride has a 2d
layered structure similar to that of graphene but is consist of
heptazine unit (a planar structure consisting of three fused s-triazine
rings) by crystallography analysis.6 And, diverse synthetic methods
for the preparation of carbon nitride have been developed after that.
Typical recent synthetic procedure for carbon nitride materials is
thermal condensation of carbon- and nitrogen-rich precursors such
as urea, cyanamide, dicyandiamide, melamine.7-10
Among the various kinds of polymorphs of carbon nitrides, it is
suggested that the graphitic carbon nitride (g-C3N4) structure is the
most stable polymorph of carbon nitride structure by the theoretical
calculation.11 In the g-C3N4 model, the heptazine subunits that consist
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basal plane are suggested to be fully cross-linked with each other,
and the basal plane is constructed by a covalent bonding like the
graphene. As X-ray diffraction shows peaks corresponds to the 2D
interlattice spacing which is similar to that of the graphitic materials,
many studies on carbon nitride have described the structure of
carbon nitride with a g-C3N4 structural model. However, it should be
noted that although graphitic carbon nitride structure has been
predicted as the most stable carbon nitride polymorph, most of the
experimentally synthesized carbon nitrides contain not only C and N,
but also substantial quantities of H as an essential component of their
structures.4 Due to the substantial quantities of H in the structure,
those experimentally synthesized carbon nitrides are suggested to
be polycondensated to some extent and unlikely to have completely
condensated ‘graphitic’ structure. g-C3N4 is rather an improper
terminology and often mislead to incorrect structural model for
experimentally synthesized materials.1
Using a combination of characterization methods and theoretical
calculations, it is suggested that basal plane of carbon nitride consists
of polymer chain of heptazine building unit polymerized via –NH–
units and each heptazine unit is terminated –NH2 groups.12 The
difference between graphitic carbon nitride and polymeric carbon
nitride is the difference in the chemical bond that builds a basal plane.
In the case of the graphitic carbon nitride, the heptazine units that
consist of the basal plane are connected with each other solely by
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covalent bonding. However, in the case of the polymeric carbon
nitride, each heptazine polymer strands interact with each other by
hydrogen bonding and aligned to form a planar layer.

Figure 2. 1 Structural motifs for carbon nitride molecules and solid
state structures. (a) Melamine (b) melam (c) melem (d) melon (e)
fully

condensed

triazine

carbon

nitride

(f)

fully

condensed

polyheptazine (tri-s-triazine) carbon nitride.

Recent carbon nitride materials have attracted great attention after
reinvigoration of their photocatalytic properties by Wang et al.9 The
heptazine-based polymeric carbon nitride produced by heating
cyanamide in the temperature range between 400–600

o

C show

slightly yellow color with the typical absorption pattern of a
semiconductor with a band gap of about 420 nm. The position of
LUMO is more negative than proton reduction potential, and that of
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HOMO is more positive than water oxidation potential. Therefore,
carbon nitrides are excellent candidates for water splitting photo
catalysts.

Figure 2. 2 Photocatalytic property of carbon nitride a) Ultravioletvisible diffuse reflectance spectrum of the polymeric carbon nitride.
b) Density-functional-theory band structure for polymeric melon. c)
A steady rate of H2 production from water containing 10 vol%
methanol as an electron donor by 0.5 wt% Pt-deposited g-C3N4
photocatalyst as a function of the wavelength of the incident light. d)
A typical time course of H2 production from water containing 10 vol%
triethanolamine as an electron donor under visible

Also, carbon nitrides have been known for their property absorbing
and stabilizing metal ions owing to their electron-rich nitrogen atoms
in their building units.13-15 Liu et al. prepared a graphene-supported
cobalt doped carbon nitride catalysts and investigated their
electrochemical

oxygen

reduction
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reaction

activity.16

Co-g-

C3N4@rGO exhibit great ORR activity comparable to that of Pt/C
catalyst. Furthermore, it shows good tolerance toward methanol
poisoning and long term stability for 10 h in alkaline condition. With
a similar approach, Zheng et al. prepared carbon nanotube-supported
cobalt doped carbon nitride catalysts.17 Based on the DFT calculation,
they suggested that a molecular configuration where metal atoms are
ligated with two nitrogen atoms on two heptazine units is desirable
for efficient ORR. And, ORR activity of Co−C3N4/CNT experimentally
measured showing activity comparable to that of Pt-based ORR
catalysts.

Figure 2. 3 Metal ion doped carbon nitride for oxygen reduction
reaction a) Schematic of graphene supported cobalt doped carbon
nitride. b) RDE curves of rGO, g-C3N4@rGO, and Co-g-C3N4@rGO
with a sweep rate of 5 mV s−1 at 1600 rpm in O2-saturated 0.1 M
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KOH c) atomic configurations for ORR/OER intermediate states of
cobalt doped carbon nitride. d) ORR polarization curves of different
Co-based catalysts in O2-saturated KOH.
In this study, we utilize carbon nitride to stabilize atomically
dispersed nickel active sites for selective reduction of CO2 to CO.
Most of the studies using carbon nitride as support for the metal
atoms has only focused on the graphitic carbon nitride structure.
However, such expositions are unsatisfactory as there are only a few
examples of the formation of fully conjugated carbon nitride structure
and it is suggested that the thermal condensation of precursors
results in the polymeric carbon nitride.
To identify whether the synthesized carbon nitride has graphitic or
polymeric structure, the chemical structure of carbon nitride is
investigated by solid-state NMR analysis. And, the structure of
single-nickel sites doped in the carbon nitride support is investigated
by X-ray absorption spectroscopy. Further, to investigate the
activity of nickel sites, the composites between carbon nitride and
carbon nanotube are synthesized using CNTs as conductive supports
to facilitate the electron transfer from electrodes to carbon nitride
surfaces as the carbon nitride suffers from low electric conductivity.

2.2. Experimental Methods
2.2.1. Preparation of polymeric carbon nitride (PCN) and
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isotope exchanged PCN.
Polymeric

carbon

nitrides

are

prepared

by

conventional

polycondensation reaction of precursors, urea or dicyandiamide. 1g
of each precursor is placed in the covered alumina crucible and
heated in a tube furnace. Tube furnace is heated to 550 oC for 2 hours
and the temperature is held for 4 hours with argon flow.

13

C- and

15

N-labeled carbon nitride sample was prepared by 13C enriched urea

and

15

N enriched urea, respectively.

2.2.2.

Preparation

of

polymeric

carbon

nitride

and

multiwalled carbon nanotube composite.
Multi-walled carbon nanotubes are oxidized to disperse them in
the water. 0.25 g MWCNT was dispersed in 25 ml concentrated nitric
acid. The mixture was heated with 130 oC oil bath and stirred for 48
hours. The oxidized MWCNT (ox-MWCNT) solution was diluted
with 200 ml of cold water and filtered with a PVDF membrane filter
(0.1um pore). The resulting oxidized MWCNT was re-dispersed in
DI water to make aqueous suspension with a concentration of 2 mg/ml.
To a 10 ml of ox-MWCNT suspension, 40 mg of PCN precursors,
urea or dicyandiamide, and 2 mg of nickel chloride was dissolved.
The aqueous mixture was lyophilized, and the dried powder was
annealed at 550 oC under argon atmosphere.
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2.2.3 Characterization methods
The morphologies of the catalysts were observed by highresolution transmission electron microscopy (JEM-2100F, JEOL,
Japan). Single-atom metal species were observed by Cs-corrected
scanning transmission electron microscopy (JEM-ARM200F, JEOL,
Japan). To prepare the TEM samples, the catalysts were sonicated
in methanol, and the suspension was dropped onto the TEM grids and
dried. The TEM samples were further dried at 80°C in a vacuum
oven.
The surface characteristics of the catalysts were examined by Xray photoelectron spectroscopy (K-alpha, Thermo Scientific Inc.,
U.K.). The XPS samples were prepared by embedding the catalyst
powders in the surface of indium foils. The obtained XPS spectra
were calibrated based on the C1s peak by correcting the C-C peak
position to 284.5 eV.
The chemical structures of the metal sites in the catalysts were
further investigated by X-ray absorption spectroscopy (XAS). Xray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) analyses were conducted using
the BL10C beam line at the Pohang light source (PLS-II). The
storage ring was operated with a ring current of 350 mA at 3.0 GeV
operated in top-up mode. A monochromatic X-ray beam was
obtained

using

a

liquid-nitrogen-cooled

Si

double-crystal

monochromator. XAS spectra were acquired in fluorescence mode
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under ambient conditions using a PIPS (passivated implanted planner
silicon) detector. Energy calibration was carried out for each metal
atom with reference metal foils. The obtained XANES and EXAFS
spectra were analyzed using the ATHENA and ARTEMIS software
packages following standard procedures.18

2.2.4 Electrochemical measurement
The electrochemical measurements were carried out with a
conventional three-electrode configuration. A Ag/AgCl electrode
was used for the reference, and Pt wire was used as the counter
electrode. The working and counter electrodes were separated by a
Nafion 117 membrane. Carbon paper was used as the working
electrode. Electrical contact to the carbon paper was made by fixing
a copper wire at the edge of the carbon paper using silver paste and
electrical contact was sealed with epoxy resin exposing a 0.5 x 0.5
cm2 area of the carbon paper as the working area.
To immobilize the catalyst on the carbon paper, 0.5 mg of catalyst
was dispersed in 200 µl of ethanol and 5 µl of 5 wt % Nafion solution
by sonication, and then, 30 µl of the as-prepared ink was dropcasted onto the carbon paper and dried using a heat gun, resulting in
a catalyst loading of 0.2 mg/cm2.
Electrochemical

measurements

were

conducted

using

a

potentiostat (CHI600D, CH instruments, USA). During the LSV
measurements, the electrolyte was stirred to effectively supply
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dissolved CO2 to the electrode surface and detach the produced
bubbles from the electrode. In addition, the electrode potentials
measured with a Ag/AgCl reference electrode were converted to the
potentials versus the reversible hydrogen electrode (RHE).

2.2.4 DFT calculation
The calculations of nickel adsorption on Triazine structures were
conducted by Dmol3 software package. PBE functional were adopted
for exchange and correlation interaction in the system, along with
vdW correction adopting Grimme’s scheme to better describe the
non-bonding interaction. During the calculation, the positions of all
the atoms were fully relaxed until the following convergence criterion
are met: 1×10-5 Ha for total energy, 2×10-3 Ha/Å for force, and
5×10-3 Å for displacement. The density convergence criterion for
self-consistent-field (SCF) optimization was chosen to be 10-6 Ha.
During spin unrestricted SCF optimizations, DIIS scheme was used
based on the Pulay method with maximum subspace size of 6. To
speed up the convergence, 0.01 Ha and 0.005 Ha thermal smearing
were applied to Triazine #1 and Triazine #2, correspondingly. The
basis set was selected to be DN basis with polarization functions, with
a cut-off value of 4.5 Å.
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2.3. Results and Discussion
2.3.1. Structural characterization of carbon nitride
The impact of nickel dopant on the crystallographic structure of
carbon nitride was first analyzed by X-ray diffraction (XRD) (Figure
2.4). The carbon nitride prepared by polymerizing the precursor,
urea or dicyandiamide, at 550 oC. Carbon nitrides derived from both
dicyandiamide and urea show typical two dimensional inter lattice
peak.19 However, the carbon nitride from urea shows poor
crystallinity compared to carbon nitride from dicyandiamide. As
DCDA can go through a more direct polycondensation reaction to
form melamine than urea precursors, well-structured and ordered
carbon nitride can be obtained with DCDA.20 Interestingly, it can be
clearly seen that, when nickel ions are mixed with precursors during
the carbon nitride preparation, the crystallinity of the prepared
carbon nitride decrease. In the case of urea precursors, the prepared
carbon nitrides do not show any distinct XRD peaks, suggesting they
have an amorphous structure. And, even for the DCDA precursor,
broadening and decreased peak intensity indicates that the crystal
growth of carbon nitride is inhibited by the presence of nickel atoms
according to Scherrer’s formula.
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Figure 2. 4 X-ray diffraction pattern of carbon nitride prepared by
thermal condensation of a) dicyandiamide and b) urea at 550 oC. And,
nickel doped carbon nitrides are derived from a mixture of nickel
chloride and dicyandiamide or urea, respectively.

The change in the chemical structure of carbon nitride upon the
nickel doping is investigated by X-ray photoelectron spectroscopy.
The main peak at 398.4 eV can be assigned to the pyridinic nitrogen
(-C=N-C-) of heptazine unit or triazine unit.21 And, the peak at
400.8 eV can be assigned to the graphitic nitrogen (C-N3) which is
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at the center of heptazine unit.22,

23

the peak at 399.7 eV peak is

attributed to the amino functional group. The presence of graphitic
nitrogen in carbon nitride prepared without nickel ions cleary
suggests the formation of heptazine units. When carbon nitrides are
prepared using DCDA precursor, there are no significant differences
in the XPS spectrum between the carbon nitride prepared with NiCl2
and without NiCl2 (Figure 2.5 a). However, when carbon nitrides are
prepared with the urea precursor, the peak around 400.8 eV which
corresponds to graphitic nitrogen in the heptazine unit decreases,
suggesting that the proportion of heptazine unit decreases (Figure
2.5 b). As the only heptazine building unit possesses the graphitic
nitrogen motif, while the pyridinic nitrogen motif can be found in both
triazine or heptaizne building unit. We suspect that the increase in the
C-N=C peaks suggests that the formation of triazine unit in the
carbon nitride structure. We expect that the formation of triazine unit
is the reason for the amorphization of carbon nitride derived from
urea when NiCl2 is present during the polycondensation reaction.
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Figure 2. 5 X-ray photoelectron spectroscopy of carbon nitride. a)
carbon nitride prepared from dicyandiamide precursor, b) from urea
precursor.

To reveal the detail chemical structure of carbon nitride, urea
derived carbon nitride was investigated by solid-state NMR
(ssNMR). Due to the low natural abundance of
exchanged urea was used to synthesize form
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13

13

C and

C or

15

15

N, isotope

N labeled urea.

13

C magic-angle spinning (MAS) ssNMR spectrum of carbon nitride

sample shows two peaks at chemical shifts of 164 and 157 ppm
(Figure 2.6). The spectrum is similar to that of heptazine (or tri-striazine) unit which is suggested as a building unit of carbon nitride.12
The peak at 157 ppm can be assigned to the carbon near the center
nitrogen of heptazine unit (Ci), and the peak around 164 ppm can be
assigned to the carbon positions adjacent to the amino groups (Ce)

Figure 2. 6

13

C magic angle spinning solid state NMR spectrum of

carbon nitride. carbon nitride prepared by thermal condensation of
13

C isotope exchanged urea at 550 oC under argon atmosphere.

Each carbon species can also be distinguished by cross polarization
magic-angle spinning (CP-MAS) ssNMR measurement. In the CPMAS spectrum, the peak intensity can vary with regard to the
distance between

13

C and 1H. As the intensity of

13

C peak can be

amplified when polarization is transferred from neighboring 1H
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species via a dipolar coupling, the more intense peak can be obtained
for the 13C species that are near the 1H species. In CP-MAS spectrum,
the more intense peak for Ce can be observed compared to that of Ci,
as Ce is closer to the protons of amines that crosslink each heptazine
building units (Figure 2.7).

Figure 2. 7

13

C cross polarization magic angle spinning solid state

NMR spectrum of carbon nitride. Carbon atoms (Ce) near the
protonated amine functional group (-NH- or -NH2) exhibit higher
NMR intensity

The formation of triazine unit in the carbon nitride structure is also
confirmed by the

15

N MAS spectrum. The

15

N MAS spectrum of

carbon nitride prepared from urea without NiCl2 exhibit four distinct
15

N peaks (Figure 2.18). The peak at -219 ppm can be assigned to

Ni, the tertiary nitrogen at the center of heptazine unit, while the peak
at -176 ppm can be assigned to Nc, the pyridinic nitrogen atoms at
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the edge of heptazine or triazine unit.24, 25 A peak at -240 ppm is
attributed to NtH which bridges each building units and -269 ppm is
terminal amine, NtH2. And small shoulder peak at -189 ppm can be
assigned to the tertiary amine.
When carbon nitride is composed of heptazine unit, the ratio
between Ni and Nc should be 6:1. And, the ratio between the peak
area of Ni and Nc obtained from

15

N MAS spectrum also match with

6:1 confirming again that the carbon nitride synthesized without
nickel ion is made of heptazine unit.

Figure 2. 8

15

N magic angle spinning solid state NMR spectrum of

carbon nitride. carbon nitride prepared by thermal condensation of
15

N isotope exchanged urea at 550 oC under argon atmosphere.

Besides the Nc and Ni peaks, it is worth to mention that there is a
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great portion of the peaks that can be assigned to primary or
secondary amino species. Figure 2.9 shows structural differences
between the postulated polymeric carbon nitrides and graphitic
carbon nitride. In the case of the graphitic carbon nitride structure,
each heptazine unit is crosslinked by tertiary nitrogen making the
fully conjugated basal plane. In the case of the polymeric carbon
nitride, each heptazine unit is crosslinked by a secondary amine, The
15

N ssNMR indicates that the prepared carbon nitride has a polymeric

structure, not a graphitic structure.

Figure 2. 9 Structural difference between a) the graphitic carbon
nitride and b) polymeric carbon nitride

When carbon nitride is prepared from the mixture of urea and NiCl2,
the broader

13

C MAS spectrum is obtained due to the paramagnetic

properties of nickel ions (Figure 2.10). Also, the signal to noise ratio
decreased. However, we can clearly see that the ratio between Ce
and Ci deviates from the ratio 1:1 and the portion of Ce increases. We
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suppose that the increase in the Ce is caused by the formation of
13

triazine building unit, the

C chemical shift of triazine unit is

suggested to be similar to that of Ce species of heptazine unit. As a
result, the presence of the triazine unit can increase the peak
intensity around 160 ppm which assigned to Ce.

Figure 2. 10

13

C magic angle spinning solid-state NMR spectrum

nickel doped carbon nitride. Nickel doped carbon nitride prepared by
thermal condensation of

13

C isotope exchanged urea with 1 wt%

nickel chloride at 550 oC under argon atmosphere.

15

N MAS spectrum of carbon nitride synthesized with the presence

of nickel chloride is shown in Figure 2.11. Similar to the

13

C MAS

spectrum, each peak becomes broad due to the presence of
paramagnetic nickel ions. However, we can clearly see that the
intensity of Ni peak decreases compared to other nitrogen species.
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As the Ni is characteristic nitrogen species of heptazine, and only
heptazine species can show Ni species, the decrease in the Ni peak
intensity suggests that the heptazine species in the carbon nitride are
decreased. And, as the pyridinic nitrogen species in melamine have a
similar chemical shift to that of the tri-s-triazine unit. The increase
in the composition of Nc suggests the presence of the triazine unit,
13

as expected by

Figure 2. 11

C-ssNMR spectrum.

15

N magic angle spinning solid state NMR spectrum.

nickel doped carbon nitride prepared by thermal condensation of

13

C

isotope exchanged urea with 1 wt% nickel chloride at 550 oC under
argon atmosphere.

Based on the XRD, XPS, and ssNMR analysis, we can clearly see
the structural difference between carbon nitride derived from DCDA
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and urea precursor. During the synthesis of carbon nitride, it is
suggested that the precursors such as urea, cyanamide, and
dicyandiamide first polycondensate to form triazine units around 350
o

C. At about 390 oC, rearrangement of triazine units occurs to form

heptazine units.12 And the heptazine unit further polycondensed to
produce polymeric carbon nitride at around 500 to 550 oC. The DFT
calculations on the cohesive energy of each reaction intermediates
also support experimental results very well suggesting that triazine
units are formed upon heating the cyanamide precursor and they
further polycondensate to heptazine unit.
In the case of urea precursor, it is suspected that when nickel ions
are present during the polycondensation reaction, nickel ions can
strongly interact with electron-rich nitrogens on the melamine, and
the binding of nickel ions to the nitrogen sites of triazine units
prevents the further polycondensation reaction of triazine to
heptazine unit producing the carbon nitride with a mixture of triazine
and heptazine building units. And the presence of triazine unit results
in the amorphization of carbon nitride in XRD and decrease in the
heptazine derived peaks in XPS and ssNMR. The similar phenomenon
is observed in the case of preparation of poly(triazine imide). It has
been

shown

that

when

the

polycondensation

reaction

of

dicyandiamide occurs in the molten ionic salts, polymers consist of
triazine unit is formed instead of the heptazine based carbon nitride.26
However, in the case of the DCDA precursor, although there is a
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slight decrease in the crystallinity, the 2D layered structure remains
intact even in the presence of NiCl2 during the polycondensation
reaction. And the presence of graphitic nitrogen in heptazine unit can
also be observed in the XPS spectrum.
The chemical structure of the nickel atoms in the carbon nitride is
investigated by X-ray absorption spectroscopy (XAS) analyses.
Nickel K edge X-ray absorption near-edge structure (XANES)
spectrum of Ni-PCN is shown in Figure 2.12. As the absorption edge
energy of XANES is sensitive to the oxidation state of the metal
atoms, it is useful for determining their oxidation states. The
absorption edge energy of the Ni-PCN is located close to that of NiO
indicating that the valance state of nickel in Ni-PCN is close to 2+.
Interestingly, Ni-PCN-Urea and Ni-PCN-DCDA exhibit different
characteristic transitions. Both samples show a pre-edge peak
around 8333 eV which is the 1s -> 3d transition.27 However, NiPCN-DCDA shows another transition peak around 8339 eV, while
Ni-PCN-Urea does not. The peak can be assigned to the 1s -> 4pz
transition which can occur in the metal centers with specific
symmetry such as square planar D4h symmetry.28 Especially, strong
1s -> 4pz transition can be observed in the XANES spectra of nickel
porphyrin which has a metal center with well-defined square planar
D4h symmetry. The presence of 1s -> 4pz transition suggests that
the more symmetric metal center is formed in Ni-PCN-DCDA
compared with Ni-PCN-Urea. We suspect that the more crystalline
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Ni-PCN-DCDA can possess nickel centers with square planar
symmetry, while square planar symmetry is difficult to be formed in
the low crystallinity Ni-PCN-Urea. Also, Ni-PCN-DCDA and NiPCN-Urea show differences in the intensity of peak at 8360 eV
which can be attributed to the multiple scattering processes of the
metal centers. As the multiple scattering processes are more favored
in the metal centers with more symmetric coordination structure.29
Intense multiple scattering processes in Ni-PCN-DCDA suggests
more symmetric nickel centers are present in the Ni-PCN-DCDA
compared to Ni-PCN-urea.
The local structural properties around Ni atoms in the carbon
nitride were further investigated with an X-ray absorption fine
structure (EXAFS) analysis. The Fourier transform EXAFS(R)s with
k2-weight spectra for Ni-PCNs and other reference materials such
as Ni metal, NiO, and Ni-Por were plotted in Figure 2.12. Ni metal
shows a Ni-Ni pair at 2.18 Å, while NiO exhibits a Ni–O pair at 1.69
Å and a Ni-O-Ni pair at 2.64 Å. The peaks are shifted by ~0.4 Å from
their actual bond lengths owing to the phase shift of the backscattered
photoelectron. The absence of Ni-Ni and Ni-O-Ni pair in the NiPCNs suggests the uniform dispersion of single nickel atoms on
carbon nitride. In addition, Ni-PCN-DCDAs exhibit only one major
peak around 1.42 Å which can be assigned to a Ni-N pair which is
known to form a shorter bond than that of a Ni-O pair, and similar to
the Ni-N pair in Ni-Por.
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Figure 2. 12 Analysis of nickel atoms in carbon nitride by X-ray
absorption spectroscopy a) Ni K-edge X-ray absorption near-edge
structure (XANES) spectra of Ni-PCN. b) k2-weighted χ(k)
function of the Ni-Kedge X-ray absorption fine structure (EXAFS)
spectra. XANES and EXAFS spectrum for Ni, NiO, and Ni-Por was
also shown for comparison.

To verify whether polymeric carbon nitride can effectively stabilize
the nickel atoms, we evaluated the binding energy of nickel atoms in
the polymeric carbon nitride by DFT calculation. The nickel atoms
are positioned between the two zig-zag structured heptazine
polymer strands (Figure 2.13). Among the various kinds of nickel
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coordination structure, Nickel site coordinated with two pyridinic
nitrogen and one secondary amine and one primary amine shows
most

stable

coordination

nickel

binding

structures

also

energy.
show

However,
negative

other

binding

nickel
energy

suggesting the stable coordination of nickel in the polymeric carbon
nitride.

Figure 2. 13 Evaluation of nickel binding energy in the heptazine
based polymeric carbon nitride by DFT calculation. Nickel atom is
placed between the two zig-zag structured heptazine polymer
strands.

We also investigated the binding affinity of nickel atoms in the
triazine motif based carbon nitride. To model the nickel binding site
of triazine-based carbon nitride, we adopt the structure model of
poly(triazine)imide (Figure 2.14). Interestingly, nickel binding inside
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the basal plane of poly(triazine)imide structure is suggested to be
unstable due to its positive nickel binding energy. However, nickel
binding at the boundary between two poly(triazine)imide basal plane
results in stable nickel binding.

Figure 2. 14 Evaluation of nickel binding energy in the triazine-based
polymeric carbon nitride by DFT calculation. a) nickel atom is placed
in the vacancy in the carbon nitride basal plane coordinated by two
nitrogen atoms b) nickel atom is placed in the boundary between the
two carbon nitride basal plane coordinated by four nitrogen atoms.

2.3.1. Synthesis of Ni-PCN-MWCNT composite
To investigate the activity of nickel sites on amorphous carbon
nitride for electrochemical CO2 reduction, the composite of carbon
nitride and MWCNT was prepared. As the carbon nitride suffers from
low electric conductivity, MWCNTs were introduced as conductive
supports to facilitate the electron transfer from electrodes to carbon
nitride surfaces. To prepare the polymeric carbon nitride and
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multiwalled carbon nanotube composite, homogeneous mixture of
carbon nitride precursor and oxidized multi-walled carbon nanotubes
are prepared by lyophilization of their aqueous suspension. The
obtained mixture was annealed at 550 oC under argon atmosphere to
polycondensate the carbon nitride precursors.
The formation of carbon nitride on the MWCNT support was
analyzed by XRD (Figure 2.15). XRD pattern of carbon nitride and
MWCNT composite (PCN-MWCNT) was shown in Figure. For a
comparison, the XRD pattern of bare MWCNT and carbon nitride
prepared by the condensation of dicyandiamide was also measured.
MWCNT shows a peak at 26.2

o

corresponds to the (002) plane of

the graphitic structure. And, carbon nitride shows the peak with
slightly higher 2θ at 27.3

o

corresponds to the (002) interplanar

distance of 0.326 nm of carbon nitride structure. XRD pattern of
PCN-MWCNT prepared without the nickel shows broad peak with
both peaks at 26.2

o

to 27.3

o

confirming that carbon nitride was

formed over the carbon nanotube supports. However, in the case of
Ni-PCN-MWCNT

in which

nickel ion is

added during the

polycondensation reaction, the XRD pattern only shows the peak that
corresponds to the MWCNT due to the low crystallinity of nickeldoped carbon nitride.

103

Figure 2. 15 X-ray diffraction pattern of carbon nitride and
multiwalled carbon nanotube composite

The chemical structure of the carbon nitride on carbon nanotube
was also analyzed by IR spectroscopy. The IR spectroscopy of
carbon nitride derived from dicyandiamide is shown in Figure 2.16.
The peak at the 806.5 cm-1 can be assigned to breathing mode of the
heptazine units and their typical stretching mode can be seen at the
1200−1650 cm−1 region on both PCN and Ni-PCN-MWCNT. The
bands at 1315.7 and 1241.2 cm−1 respectively correspond to the
stretching vibrations of connected units of N−C3 (full condensation)
and C−N−C (partial condensation), while the bands at 1645.4,
1564.5, and 1408.3 cm−1 represent the stretching vibration modes of
triazine-derived repeating units.

104

Figure 2. 16 Fourier-transform infrared spectroscopy of carbon
nitride and multiwalled carbon nanotube composite

Chemical structure of Ni-PCN-MWCNT was also studied by XPS
analysis. Ni-2p XPS spectrum of Ni-PCN-MWCNT shows that Ni2p3/2 peak is around 855.7eV (Figure 2.17 a). As the energy value
is higher than that of Ni-2p3/2 peak for metallic Ni, and is around
that of nickel hydroxide, we can speculate ionic character of Ni atoms
over PCN supports. Nitrogen XPS spectrum can be deconvoluted to
four peaks (Figure 2.17 b). The peak at 398.5 corresponds to CN=C bonding or pyridinic nitrogen, and the peak at 399.7
corresponds to N-C3 bonding, sites where nitrogen surrounded by
carbon. The presence of N-C3 peak infers the condensation of
dicyandiamide to carbon nitride.
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Figure 2. 17 X-ray photoelectron spectroscopy of carbon nitride and
multiwalled carbon nanotube composite (Ni-PCN-MWCNT). a) Ni2p XPS spectrum of Ni-PCN-MWCNT. b) The nitrogen XPS
spectrum of Ni-PCN-MWCNT.

The morphology of the catalyst was revealed by the transmission
electron microscopy (TEM) analysis. The carbon nanotube structure
remains intact and agglomerated nickel nanoparticles are not
observed (Figure 2.18). With high-resolution TEM, carbon nitride on
the surface of MWCNT can be observed. Amount of doped nickel was
measured by ICP-AES, revealing that 1.6 % was doped in the sample.
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To reveal the morphology of nickel atoms high-angle annular darkfield STEM (HAADF-STEM) was measured. Uniformly dispersed
nickel can be observed as bright white dots on the carbon nanotube
backbone (Figure 2.19).

Figure 2. 18 Transmission electron microscopy (TEM) image of NiPCN-MWCNT (DCDA).

Figure 2. 19 High-angle annular dark-field scanning transmission
electron

microscopy

image

of

Ni-PCN-MWCNT

(DCDA).

Atomically dispersed nickel atoms are observed as bright white dots.
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2.3.1. The electrochemical activity of nickel-doped carbon
nitride
The CO2RR activity of atomically dispersed nickel atoms on carbon
nitride was investigated by electrochemical measurement. The
electrochemical activity of Ni-PCN-MWCNT was measured by
linear sweep voltammetry (LSV) with 0.5 M potassium bicarbonate
solution as an electrolyte. During LSV measurement, the electrolyte
was stirred to detach the bubbles that stick to the electrodes.
Catalysts show low proton reduction activity under argon atmosphere
When electrolyte was saturated with CO2, Ni-PCN-MWCNT shows
a steeper increment of catalytic current than Ar atmosphere reaching
10 mA/cm2 at -0.67 V vs RHE (with iR compensation, -0.63 V vs
RHE) (Figure 2.20). The increase in catalytic current of catalysts in
a CO2 atmosphere suggests that Ni-PCN-MWCNT has activity
toward CO2 reduction. Interestingly Ni-PCN-MWCNT prepared by
using DCDA as a PCN precursor shows a more distinct increase in
the current density than that of Ni-PCN-MWCNT prepared using
urea as a PCN precursor.
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Figure 2. 20 Electrochemical activity of Ni-PCN-MWCNT for CO2
reduction. a) LSV curve of Ni-PCN-MWCNT prepared using urea
precursor b) using dicyandiamide precursors. LSV curves measured
in the Ar saturated (dotted line) or CO2 saturated (solid line) 0.5 M
KHCO3 electrolyte

To confirm that the increase in current density was caused by CO2
reduction, the products were analyzed by gas chromatography and 1H
NMR

measurement.

Gas

products

were

measured

by

gas

chromatography and liquid products were measured by 1H NMR after
2000 sec bulk electrolysis. Gas chromatography reveals that gas
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products mainly consist of carbon monoxide. And, no liquid products
can be detected by 1H NMR. The CO partial current density and
Faradaic efficiency were plotted in Figure 2.21. Ni-DCDA-MWCNT
shows more selective CO production than the Ni-Urea-MWCNT.
Faradaic efficiency for CO production is potential dependent. Around
the onset potential -0.6 V vs RHE, Ni-DCDA-MWCNT exhibit a
Faradaic efficiency of about 97.5%. And, as the applied potential
increase the faradaic efficiency is increased to the maximum CO
faradaic efficiency of 99.5% at -0.9 V vs RHE. And, as the applied
potential becomes more negative the faradaic efficiency and
selectivity begin to decrease and more hydrogen begins to be
produced.
As it has been suggested that nitrogen sites over carbon supports
also can be active sites for the CO2 reduction. The PCN decorated
MWCNT

without

the

nickel

doping

was

also

tested

for

electrochemical CO2 reduction. However, there is not much increase
in current density when CO2 was purged into the electrolyte, and
faradaic efficiency of CO production is low compared to Ni-PCNMWCNT. In addition, when MWCNT was annealed with only nickel
chloride without the dicyandiamide precursors, nickel atoms cannot
be effectively doped to MWCNT. XPS spectrum of MWCNT annealed
with NiCl2 at 900

o

C shows the negligible amount of Ni peak,

suggesting the crucial role of PCN for stabilizing nickel over MWCNT.
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Figure 2. 21 Electrochemical activity of Ni-PCN-MWCNT. a)
current density (based on geometric surface area) versus applied
potential b) Faradaic efficiency of CO production.

To understand the electrochemical mechanism of Ni-PCNMWCNT, the dependence of current density on applied potentials is
also measured, which is known as Tafel analysis (Figure 2.22 a).
Tafel slope of mV/dec was measured for Ni-PCN-MWCNT at 0.5 M
KHCO3 electrolyte which is close to 118 mV/dec. And, Tafel slope of
118 mV/dec suggests one electron is involved in the ratedetermining step (RDS). To see whether the proton is involved in
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RDS, current density dependence on pH or bicarbonate ion
concentration is studied. To determine the dependence of the
catalytic current on bicarbonate ion concentration, the partial current
density for CO production was plotted against bicarbonate ion
concentration (Figure 2.22 b). The partial current density for CO
production was measured at -1.3 V vs Ag/AgCl. The corresponding
slope of log[jco] versus log[HCO3-] is close to 0 suggesting that the
bicarbonate ion does not participate in RDS. Put together Tafel slope
and KHCO3 dependence, we can suggest that one electron transfer
from the electrode to CO2 without proton involvement is RDS step.
As RDS involve only one electron. we expect that the reduction of
Ni(II) to Ni(I) along with the binding of CO2 is RDS step. After CO2
binding, theoretical study with Ni(cyclam) suggests that concerted
proton-coupled electron transfer (PCET) is the most feasible route
for further functionalization of bound CO2.30 Finally, C−O bond
cleavage occurs by protonation of (OH) functional group by proton
sources in the electrolyte with the release of CO as a product (Figure
2.23).
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Figure 2. 22 Electrochemical mechanism analysis of Ni-PCNMWCNT. a) Tafel plot of CO partial current density for Ni-PCNMWCNT at different applied potentials. b) Bicarbonate concentration
dependence of the CO partial current density at the constant applied
potential.
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Figure 2. 23 Schematic of CO2 to CO reduction mechanism on the
single-atom nickel active site. As a rate-determining step, Ni(II)
valence state is reduced to Ni(I) along with the binding of CO2 to
nickel sites. After CO2 binding, proton-coupled electron transfer
(PCET) occurs to form COOH* intermediates. Finally, C−O bond
cleavage occurs by protonation of (OH) functional group by proton
sources in the electrolyte with the release of CO as a product.
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2.4 Conclusion
In summary, the unique property of polymeric carbon nitride (PCN)
to stabilize metal atoms was investigated. The chemical structure of
PCN was investigated by ssNMR. From the

13

C-ssNMR, the

heptazine unit that consists the carbon nitride was identified. The
degree of polymerization was examined by the 15N-ssNMR. The low
composition of tertiary amine suggests that fully conjugated graphitic
carbon nitride structure. Instead, the presence of secondary amine
or primary amine indicates the formation of polymeric carbon nitride
structure. When nickel is present during the polycondensation
reaction of precursors, the differences in ssNMR is observed. The
ssNMR spectrum broadens due to the presence of paramagnetic
nickel ions. Interestingly, the peak corresponds to heptazine unit
decreases suggesting the composition of heptazine unit decreases.
We suspect that the presence of nickel ions prohibits the chemical
transform from melem to heptazine unit. And, triazine composition
increases.
As the structure of carbon nitride is determined to be polymeric.
The possibility of nickel ion adsorption in PCN is studied. The basal
plane constructed by heptazine strands self-assembled by hydrogen
bond interaction is considered. The gap between two heptazine
strands have an appealing structure that can bind nickel ions with 4
nitrogens, and negative binding energy of nickel atoms in PCN from
DFT calculation shows unique nickel binding properties of PCN.
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Furthermore, the CO2 reduction activity of single atom nickel in PCN
was investigated. As the PCN has low electrical conductivity,
multiwalled carbon nanotube was introduced as conductive supports
for PCN. The CO2 reduction activity of prepared Ni-PCN-MWCNT
composite was studied by electrochemical measurement.
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Chapter 3. Ligand assisted single-atom nickel doping
on the reduced graphene oxide
3.1. Introduction
In the previous chapter, single atom nickel was successfully
stabilized by the polymeric carbon nitride. Another approach to utilize
single-atom nickel as an active site is to directly dope the singleatom nickel on the carbon surfaces. However, due to the difficulty in
stabilizing the metal atoms on the bare graphitic surfaces, heteroatoms, such as nitrogen, oxygen, or sulfur are co-doped to stabilize
the metal atoms. Among the hetero-atoms, nitrogen atoms are the
most common hetero-atoms which are co-doped in the carbon
lattice to stabilize metal atoms. And, various kinds of metal and
nitrogen doped carbon catalysts have been developed as catalysts for
various reactions.
Nitrogen-doped carbons have been prepared by carbonization of
the nitrogen-containing precursor at high temperature in an inert
atmosphere. Various kinds of precursors have been adopted for
preparing nitrogen-doped carbon. Polymers with low vapor pressure
like polyacrylonitrile, polyaniline, and, polypyrrole are well-known
precursors for preparing nitrogen-doped carbons. To make metal
and

nitrogen-doped

carbon

materials,

nitrogen-containing

precursors have been carbonized with the presence of metal salts.
However, during the high-temperature carbonization process in a
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reductive atmosphere, metal atoms can aggregate to form metal
nanoparticles (Figure 3.1). The presence of metal nanoparticles
makes it difficult to atomically control the activity of catalysts.
Furthermore, carbon layers produced from carbon precursors cover
these metal nanoparticle, passivating the active metal sites.

Figure 3. 1 a) Schematic diagram of the synthesis of PANI-M-C
catalysts.

b-c)

HRTEM

image

of

a

typical

metal

catalyst

nanostructure involving carbon nanofibers and metal aggregates
incorporated in graphitic nano-shells.

To develop catalysts with high specific activities and well-defined
active sites, the dispersion of the metal atoms inhibiting the metal
agglomeration is crucial. In this chapter, the method that can
homogeneously decorate single-atom metal sites on reduced
graphene oxide sheets were investigated. To develop the single123

atom metal doped reduced graphene oxide catalysts, the tris(2benzimidazolylmethyl)amine (NTB) ligands were used to stabilize
the metal ions (Fe, Co, and Ni) on the graphene oxide sheets. As the
NTB ligand can strongly interact with the GO sheets by pi-pi
interactions and also ligate metal ions, NTB ligand is an excellent tool
for stabilizing metal atoms on GO sheets. By annealing the metal
NTB-GO complexes at high temperature under an argon atmosphere,
graphene oxide sheets are reduced to reduced graphene oxide sheets
with higher electrical conductivity. And, metal-NTB complexes
adsorbed on graphene oxide sheets are converted to single-atom MNx sites (Figure 3.2). Further, the electrochemical activity of singleatom M-Nx sites toward CO2RR was studied.

Figure 3. 2 Schematic of the formation of the single-atom nickel
active sites on graphene sheets. Nitrogen-doped reduced graphene
oxide sheets (Ni-N-RGO) was prepared by chemical transformation
nickel tris(2-benzimidazolylmethyl)amine adsorbed over graphene
oxide sheets by the thermal annealing process.
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3.2. Experimental Methods
3.2.1. Preparation of NTB and metal complexes
The ligand, tris(benzimidazol-2-ylmethyl)amine (NTB), was
prepared by the dehydration of nitrilotriacetic acid with ophenylenediamine as reported elsewhere. The molecular complexes
[Co(NTB)(NO3)](NO3) and [Ni(NTB)(NO3)2] were prepared as
reported

previously

with

slight

modifications.1,

2

[Fe(NTB)(OH2)2](NO3)3 was prepared by using the following
method.
[Ni(NTB)(NO3)2] and [Co(NTB)(NO3)](NO3): Nickel (II) nitrate
hexahydrate (1 mmol) dissolved in methanol (5 mL) was added
dropwise to a methanol suspension (10 mL) of the NTB (1 mmol)
with stirring. During the reaction, the mixture was a clear lavender
solution, and after a few minutes, a lavender-colored precipitate
formed. Stirring was continued for 1 hr, and the complex was isolated
by filtration, washed with cold methanol and dried under vacuum.
[Co(NTB)(NO3)](NO3) was prepared using the same method by
replacing the nickel (II) nitrate hexahydrate with cobalt (II) nitrate
hexahydrate, and it was isolated as a pink precipitate.
[Fe(NTB)(OH2)2](NO3)3: Iron (III) nitrate nonahydrate (1 mmol)
dissolved in methanol (5 mL) was added dropwise to a methanolic
suspension (10 mL) of NTB (1 mmol) with stirring. The stirring was
continued for 1 hr. After that, the solution was concentrated to 5 mL,
and a small amount of ether was added to generate a yellow
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precipitate. The yellow precipitate was isolated by filtration, washed
with a cold mixture of

methanol/tetrahydrofuran and dried under

vacuum.

3.2.2 Preparation of Ni-N-RGO
The graphene oxide solution was prepared by a modified
Hummer’s

method

by

oxidizing

graphite

with

potassium

permanganate as the oxidant in a mixture of sulfuric acid and
phosphoric acid.3 The prepared GO was exfoliated in water by
sonication to yield a solution of graphene oxide sheets. Ni(NTB) (10
mg) dissolved in 5 ml of DI water was added to 5 ml of 2 mg/ml GO
solution with stirring. The aggregated Ni(NTB)-GO complex was
isolated by filtration and washed with water and ethanol. Ni(NTB)GO was resuspended in water and freeze-dried. The dried
Ni(NTB)-GO complex was placed in a tube furnace and heated to
800 °C with a heating rate of 20 °C/min and annealed at 800 °C
for 1 hour under an argon atmosphere. The annealed sample was
sonicated for 1 hour in a 1:1 mixture of 1 M HCl:ethanol to etch the
unstable nickel species. The material was then washed by the
filtration with water freeze-dried again.

3.2.3 Characterization of Ni-N-RGO
The morphologies of the catalysts were observed by highresolution transmission electron microscopy (JEM-2100F, JEOL,
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Japan). Single-atom metal species were observed by Cs-corrected
scanning transmission electron microscopy (JEM-ARM200F, JEOL,
Japan). To prepare the TEM samples, the catalysts were sonicated
in methanol, and the suspension was dropped onto the TEM grids and
dried. The TEM samples were further dried at 80 °C in a vacuum
oven. The surface characteristics of the catalysts were examined by
X-ray photoelectron spectroscopy (K-alpha (Thermo Scientific Inc.,
U.K.). The XPS samples were prepared by embedding the catalyst
powders in the surface of indium foils. The obtained XPS spectra
were calibrated based on the C1s peak by correcting the C-C peak
position to 284.5 eV. The chemical structures of the metal sites in
the catalysts were further investigated by X-ray absorption
spectroscopy (XAS). X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) analyses
were conducted using the BL10C beam line at the Pohang light source
(PLS-II). The storage ring was operated with a ring current of 350
mA at 3.0 GeV operated in top-up mode. A monochromatic X-ray
beam was obtained using a liquid-nitrogen-cooled Si double-crystal
monochromator. XAS spectra were acquired in fluorescence mode
under ambient conditions using a PIPS (passivated implanted planner
silicon) detector. Energy calibration was carried out for each metal
atom with reference metal foils. The obtained XANES and EXAFS
spectra were analyzed using the ATHENA and ARTEMIS software
packages following standard procedures.4
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3.2.4 Electrochemical measurement
The electrochemical measurements were carried out with a
conventional three-electrode configuration. A Ag/AgCl electrode
was used for the reference, and Pt wire was used as the counter
electrode. The working and counter electrodes were separated by a
Nafion 117 membrane. Carbon paper was used as the working
electrode. Electrical contact to the carbon paper was made by fixing
a copper wire at the edge of the carbon paper using silver paste and
electrical contact was sealed with epoxy resin exposing a 0.5 x 0.5
cm2 area of the carbon paper as the working area. To immobilize the
catalyst on the carbon paper, 0.5 mg of catalyst was dispersed in 200
µl of ethanol and 5 µl of 5 wt % Nafion solution by sonication, and
then, 30 µl of the as-prepared ink was drop-casted onto the carbon
paper and dried using a heat gun, resulting in a catalyst loading of 0.2
mg/cm2. Electrochemical measurements were conducted using a
potentiostat (CHI600D, CH instruments, USA). During the LSV
measurements, the electrolyte was stirred to effectively supply
dissolved CO2 to the electrode surface and detach the produced
bubbles from the electrode. In addition, the electrode potentials
measured with a Ag/AgCl reference electrode were converted to the
potentials versus the reversible hydrogen electrode (RHE).

3.2.5 Computational Details
All the quantum chemical computations were carried out with DFT
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based on a gradient-corrected functional GGA-PBE5 in conjunction
with the def2-SVP6 basis set. We employed a series of functionals
starting with traditional B3LYP,7 M06-2X,8 and ωB97X-D9 along
with the def2-SVP basis sets; however, we could not locate the
global minima for a few of the structures. The GGA-PBE functional
could be successfully used to optimize all the structures to their
global minima. Standard convergence criteria and an ultrafine
integration grid were used. All the thermodynamic data were
computed at 298.15 K and 1 atm. Dispersion corrections have been
accounted for by incorporating Grimme’s atom-pairwise dispersion
correction approach (DFT+D3). All the optimized geometries were
verified as minima or first-order saddle points by harmonic
vibrational frequency analysis, and thermal and zero-point energy
(ZPE) corrections were also included. The ground state structures
of the intermediates involved in the CO2RR adsorbed on the M-N4
models were identified by modeling all the possible configurations on
the possible active sites and found the lowest energy one. The
chemical potential of H2 (g) is equivalent to that of µ (H+ +e-) =
1/2 µ (H2) was considered as described in the computational
hydrogen electrode (CHE) model proposed by Norskov et al.10 The
free

energies

for

adsorbates

and

non-adsorbed

gas-phase

molecules were calculated as ∆G=∆Eelec+∆Ezpe-T∆S where T is
the temperature, Eelec is the electronic energy calculated by DFT,
and EZPE is the zero-point energy estimated using the harmonic
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vibrational frequency approximation.
The adsorption energy (Eads) was determined by Eads =
Eadsorbate/catalyst − Eadsorbate − Ecatalyst.
where Eadsorbate/catalyst, Eadsorbate, and Ecatalyst are the total energies of the
adsorbate−catalyst, the isolated adsorbate, and the catalyst system,
respectively. According to this definition, a negative Eads indicates
favorable adsorption.

3.3. Results and Discussion
3.3.1. Synthesis and characterization
To prepare the single atom nickel doped graphene CO2 reduction
electrocatalysts, Ni(NTB) was used as the nickel and nitrogen source
while GO was used as the carbon support. The strong interaction
between the NTB ligands and the GO sheets was observed as the GO
sheets aggregated themselves upon the addition of NTB ligands to
the GO solution.

The GO sheets were initially stabilized in the

solution by the negative charges of the surface oxo functionalities.
When the NTB ligands were added to the GO solution, the adsorption
of the NTB ligands on the GO sheets balanced the repulsive
electrostatic interactions between the GO sheets resulting the
aggregation or self-assembly of the GO sheets. Also, it is well known
that NTB ligands can form metal complexes with transition metal ions.
As NTB ligands exhibit strong interactions with graphene oxide
sheets and can also ligate with transition metal ions, NTB ligands can
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be used as binders between the metal ions and the GO sheets, thus
stabilizing the metal atoms uniformly over the GO surface. The
addition of a Ni(NTB) solution to a GO suspension also induces the
aggregation of GO sheets suggesting the strong interactions between
the Ni(NTB) and the GO sheets. The adsorption of the Ni(NTB)
complex

on

the

GO

sheets

was

confirmed

by

UV-visible

spectroscopy (Figure 3.3). With the addition of a Ni(NTB) solution
to a GO solution, the blue color of the Ni(NTB) disappeared, and the
solution became colorless, suggesting that the adsorption of the
Ni(NTB) on the surface of the graphene oxide had occurred. The
intensity of the d-d band of Ni(NTB) at 602 nm almost disappeared
when 0.5 mg of Ni(NTB) was added to 2 mg of GO.

Figure 3. 3 UV-Vis spectrum of 0.5 mg Ni(NTB) dissolved in 2 ml
DI water, UV-Vis spectrum of supernatant was measured after
mixing solution of 0.5 mg Ni(NTB) dissolved in 1ml DI water and 1ml
of 2 mg/ml GO solution.
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After Ni(NTB) adsorption on the GO sheets, the excess Ni(NTB)
was removed by washing with water and ethanol, and the Ni(NTB)
adsorbed GO sheets were lyophilized. Then, the Ni(NTB)-GO
complex was annealed at 800 °C under an argon atmosphere. The
annealed product was named as Ni-N-RGO. One purpose of hightemperature annealing under an inert atmosphere is to reduce the
graphene oxide. It is well known that the GO sheets can be reduced
to reduced graphene oxide (RGO) sheets by thermal annealing.11 The
reduction of the GO can be observed by the color change of the
Ni(NTB)-GO complex from brown to black. Additionally, we expect
that thermal annealing of the Ni(NTB) complexes can activate them
by chemical transformation into active Ni-Nx sites. The Ni(NTB)
complex itself has low electrocatalytic activity prior to thermal
annealing. The electrochemical activity of the Ni(NTB) complex
toward CO2 reduction was evaluated by cyclic voltammetry (Figure
3.4). A catalytic current for CO2 reduction was not observed,
suggesting that the Ni(NTB) complex itself has a low electrocatalytic
activity before thermal annealing.

132

Figure 3. 4 Cyclic voltammogram of 1 mM Ni(NTB) dissolved in 0.1
M TBAP acetonitrile

electrolyte measured with 3 mm diameter

glassy carbon working electrode at the Ar atmosphere or CO2
atmosphere.

To understand the structure of Ni(NTB) on GO sheets after
thermal activation, a Ni-N-RGO catalyst was investigated with a
range of characterization methods. First, the morphology of the NiN-RGO was examined by transmission electron microscopy (TEM).
TEM analysis of the Ni-N-RGO revealed the two-dimensional
structure of the reduced graphene oxide (Figure 3.5). Aggregation of
nickel or nickel nanoparticles is not observed, suggesting the uniform
decoration of nickel atoms over the graphene sheets. From the
energy-dispersive X-ray (EDX) mapping analysis, uniformly
dispersed Ni and N atoms can be observed on the graphene oxide
sheets (Figure 3.5).
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Figure 3. 5 Morphology of Ni-N-RGO. Ni-N-RGO was prepared by
annealing

nickel

tris(2-benzimidazolylmethyl)amine

adsorbed

graphene oxide sheets. a) Transmission electron microscopy (TEM)
image of Ni-N-RGO b) The energy-dispersive X-ray mapping of
Ni-N-RGO.

To see the importance of the GO sheets as supports for the Ni(NTB)
complex during the thermal annealing, Ni(NTB) was carbonized
without the GO supports for comparison. After thermal annealing of
the Ni(NTB), a black carbonaceous product (Ni-N-C) was obtained,
suggesting that NTB ligands can act as a precursor for the nitrogendoped carbon. However, TEM analysis of Ni-N-C showed that 20
nm metal nanoparticles decorate the surface of the carbon materials
(Figure 3.6). Even after excessive etching with hydrochloric acid or
sulfuric acid solution, the metal nanoparticles remained intact as they
are embedded in the carbon structure and are passivated by the
carbon layers. Thus we can see that the uniform dispersion of
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Ni(NTB) on GO sheets is important for preparing single atom nickel
active sites and preventing the aggregation of the nickel atoms.

Figure 3. 6 Transmission electron microscopy

image of Ni-N-C

prepared by carbonization of Ni(NTB) complex without graphene
oxide supports

The structure of the nickel atoms on the Ni-N-RGO was further
investigated

with

high-angle

annular

dark

field

scanning

transmission microscopy (HAADF-STEM). As high-angle scattered
electrons are sensitive to the atomic number, an image with a strong
atomic number (Z) contrast can be obtained with HAADF-STEM.
Metallic heteroatoms on the graphene support can be observed as
brighter dots in the HAADF-STEM images. In the low magnification
HAADF-STEM image, nickel nanoparticles are not observed
confirming that the aggregation of nickel atoms is efficiently inhibited
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(Figure 3.7). At higher magnification, nickel atoms can be observed
as white dots on the RGO sheets). The RGO sheets surrounding the
single atom nickel are found to be distorted from the ideal graphene
hexagonal lattice structure. We assume that the distortion of carbon
lattice is a result of the chemical transformation of Ni(NTB) complex
over the GO sheets. Most of the nickel atoms are present as isolated
single atoms and only a few nickel agglomerates are observed.

Figure 3. 7 a) High-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) image of Ni-N-RGO. b)
HAADF-STEM image of single atom nickel-doped over Ni-N-RGO.

Furthermore, the Ni-N-RGO was chemically characterized using
X-ray photoelectron spectroscopy. The XPS spectrum for Ni-NRGO and the atomic percentages of each element derived from the
peak intensities are summarized in Figure 3.8. A C 1s peak was
observed as the main peak, with the carbon content of the Ni-NRGO being 89.4 at.%, while the second most intense peak
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corresponds to N 1s, which constitutes 5.92 at.% of the material. The
high-resolution N 1s spectrum for the Ni-N-RGO features two
major peaks (Figure 3.9). The peak with the lowest binding energy
of 398.5 eV corresponds to pyridinic nitrogen.12 The second most
intense major peak at 400.5 eV corresponds to pyrrolic nitrogen. The
broad shoulder peak at approximately 401 eV can be assigned to the
quaternary nitrogens. Furthermore, it is known that the broad peak
for quaternary nitrogen can be further deconvoluted into two peaks.13,
14

The one at the 401.5 eV can be assigned to a center nitrogen

located inside the graphitic lattice, while the other peak at 402.8 eV
can be assigned to a valley nitrogen located at the edge of the
graphitic lattice. The peak with the higher binding energy at 405 eV
can be assigned to the nitrogen oxide groups. And, a peak at 399.4
eV can be assigned to nitrogen atoms interacting with the nickel
atoms.15-17 The Ni 2p peak can also be observed. The highresolution nickel XPS spectrum is shown in Figure 3.8. The binding
energy of the Ni 2p3/2 peak was 854.1 eV which is higher than that
of nickel oxide (853.7 eV) suggests the ionic characteristic of the
nickel on the catalysts. The positive shift in the binding energy is
expected to be caused by the increased electronegativity of the
surrounding atoms from oxygen to nitrogen.
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Figure 3. 8 X-ray photoelectron spectroscopy survey of Ni-N-RGO.
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Figure 3. 9 Chemical structure analysis of Ni-N-RGO by X-ray
photoelectron spectroscopy (XPS) analysis. a) N-1s XPS spectrum
of Ni-N-RGO and b) Ni-2p XPS spectrum
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To investigate the chemical structure of the nickel atoms on the NiN-RGO in more detail, X-ray absorption spectroscopy (XAS)
analyses were conducted. Nickel K edge X-ray absorption nearedge structure (XANES) spectrum of Ni-N-RGO is shown in Figure
3.10. The absorption edge energy of XANES is sensitive to the
oxidation state of the metal atoms, and it is very useful for
determining their oxidation states. As a higher X-ray energy is
required to eject a core electron from a metal center with a higher
charge, a higher oxidation state of the X-ray absorbing metal
increases the absorption edge energy, and linear relationships
between the absorption edge energy and the oxidation state have
been observed experimentally. In the XANES spectrum of Ni-NRGO, the absorption edge energy of the Ni-N RGO is located close
to that of NiO indicating that the valence state of the nickel in Ni-NRGO is close to 2+. The Ni K edge XANES spectra for Ni-N-RGO
also show several characteristic transitions. Pre-edge peak A is the
1s -> 3d transition, and shoulder peak B can be assigned to the 1s > 4pz transition.18, 19 In particular, peak B is characteristic of metal
centers with a square planar D4h symmetry, which can also be
observed in the XANES spectra of molecules with metal-N4 moieties
like metalloporphyrins or metallophthalocyanines.20 The relatively
weak and broad features of peak B compared with that of
metalloporphyrin indicates a distortion of the D4h symmetry.21
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Figure 3. 10 Ni K-edge X-ray absorption near-edge structure
(XANES) spectra of Ni-N-RGO with Ni and NiO for comparison

The coordination geometry of the nickel atoms in the Ni-N-RGO
was further investigated by X-ray absorption fine structure (EXAFS)
fitting analysis. The Fourier transform k2-weighted x(k) spectra for
Ni-N-RGO exhibits a major peak at 1.44 Å that is shorter than the
Ni–O peak at 1.65 Å in the NiO reference spectrum (Figure 3.11). The
absence of peaks for longer back scattering paths such as Ni-Ni or
Ni-O-Ni suggests a uniform dispersion of single-atom nickel
species over the graphene sheets. Multiple k-weighted fitting
analysis of the first main peak gave a scattering pathway with a
coordination number of 3.4 and a bond length of 1.87 Å. The short
bond length of 1.87 Å can be assigned to the Ni-N back scattering
pathway.22-24 The resulting coordination number is close to that of
square

planar

complexes

like

metallo-porphyrins

or

metallophthalocyanines with nickel centers. However, the low
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coordination number suggests presence of nickel centers with low
coordination number and explains the relatively weak and broad
nature of peak B in the XANES spectrum due to the distortion of the
D4h symmetry.

Figure 3. 11 k2-weighted χ(k) function of the Ni-Kedge X-ray
absorption fine structure (EXAFS) spectra.

3.3.2 Electrochemical CO2 reduction activity of Ni-N-RGO
The catalytic activity of Ni-N-RGO toward the CO2 reduction
reaction was studied by applying electrochemical analyses. A
conventional three-electrode configuration with a two-compartment
electrochemical

cell

was

adopted

for

the

electrochemical

measurement. The details are described in the experimental section.
The CO2 reduction activity of the Ni-N-RGO was evaluated by
comparing the linear sweep voltammetry (LSV) in Ar-saturated and
CO2-saturated 0.5 M KHCO3 electrolytes (Figure 3.12). Under an
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argon atmosphere, Ni-N-RGO exhibits moderate H2 production
activity with the current density of 5 mA/cm2 at -0.71 V vs RHE.
However, the Ni-N-RGO shows a distinct increase in the current
density when the electrolyte is saturated with CO2. The Ni-N-RGO
shows a more positive onset potential reaching 5 mA/cm2 at -0.60 V
vs RHE under CO2 atmosphere, while the current density increases
more drastically being twice as high at -1.1 V vs RHE than that of
under argon atmosphere. The difference in the voltammograms
between the argon and CO2 atmosphere indicates the high catalytic
activity of Ni-N-RGO towards CO2 reduction.
For comparison, the electrochemical activity of the Ni-N-C
prepared by carbonization of the Ni(NTB) complex without the
graphene oxide supports was also tested. As shown in Figure 3.12,
the Ni-N-C exhibits a lower electrochemical activity than the NiN-RGO. We believe that in the prepared nickel-doped carbon
materials, the nickel nanoparticles are embedded in the carbon
structure and are covered by carbon layers, leading to passivation of
the active metal sites, and reduced electrochemical activity.
Furthermore, when the electrolyte was saturated with CO2, a
decrease in the current density was observed. Metallic nickel
surfaces are easily poisoned by CO, and the active sites for proton
reduction are passivated by CO if any is produced, which decreases
the current density. As metallic nickel is not active for CO2 reduction,
it can be concluded that the high electrochemical activity of Ni-N143

RGO is due to the presence of the atomic nickel decorated on the
graphene sheets.

Figure 3. 12 Electrochemical activity of Ni-N-RGO for CO2 reduction.
LSV curves measured in the Ar saturated (dotted line) or CO 2
saturated (solid line) 0.5 M KHCO3 electrolyte

To confirm that the increase in the current density of the Ni-NRGO catalyst was caused by the electrochemical CO2 reduction, the
products were analyzed by gas chromatography and 1H NMR analysis.
For product analysis, bulk electrolysis was conducted for 2000 s,
with the gas products being analyzed using gas chromatography, and
the liquid products using 1H NMR. No noticeable liquid products were
detected

in

the

1H

NMR

spectrum.

For

Ni-N-RGO,

gas

chromatography revealed that the major product is CO. The Faradaic
efficiency of the CO production is dependent on the applied potential
(Figure 3.13). Near the onset potential of -0.4 V vs RHE, the
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Faradaic efficiency is 70%. As the applied potential increases, the CO
partial current increases dramatically, but the H2 partial current does
not substantially increase. The increased CO partial current relative
to the H2 partial current caused the increased the faradaic efficiency
reaching its maximum CO Faradaic efficiency of 97% at -0.8 V vs
RHE. As the applied potential becomes more negative, a decrease in
the faradaic efficiency is observed because H2 production can begin
to occur on the carbon papers.

Figure 3. 13 Electrochemical activity of Ni-N-RGO. Faradaic
efficiency of CO production (gray bar) and current density (based on
geometric surface area) versus applied potential.

To understand the mechanism of CO production, the Tafel slope was
measured for Ni-N-RGO (Figure 3.14 a). The dependence of the
partial current density for CO production on the applied potential is
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plotted in Figure 3.13. The Tafel slope was calculated to be 110
mV/dec for Ni-N-RGO in a 0.5 M KHCO3 electrolyte. One electron
transfer in a rate-determining step (RDS) results in a Tafel slope of
118 mV/dec.
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A Tafel slope of 110 mV/dec which is close to the

value of 118mV/dec suggests one-electron transfer is RDS for CO2
reduction with the Ni-N-RGO catalyst. In addition, to determine
whether a proton transfer is involved in the RDS, the dependences of
the current density on the bicarbonate ion concentration were studied.
At around pH 7, bicarbonate ions are the main proton source in the
electrolyte and can act as a proton donor for CO2 reduction.26 To
determine the dependence of the catalytic current on the bicarbonate
ion concentration, the partial current density for CO production was
plotted against the bicarbonate ion concentration. The corresponding
slope of log[jco] versus log[HCO3-] is close to 0, suggesting that the
bicarbonate ion does not participate in the RDS (Figure 3.14 b).
Considering the Tafel slope and the KHCO3 dependence, the first
one-electron reduction of Ni(II) to Ni(I) along with the binding of
CO2 to the nickel site is suggested to be the RDS. After CO 2 binding,
we would expect a concerted proton-coupled electron transfer
(PCET) to occur to further reduce the adsorbed CO2. PCET has been
suggested to be the most feasible route for the further reduction of
bound CO2 in an analogous homogeneous Ni(cyclam) CO2 reduction
catalyst.27 After the transfer of two electrons and one proton, C-O
bond cleavage is expected to occur as a result of the protonation of
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the OH functional group, and CO is released as a product.

Figure 3. 14 Electrochemical reaction mechanism analysis of Ni-NRGO a) Tafel plot of CO partial current density for Ni-N-RGO at
different applied potentials. b) Bicarbonate concentration dependence
of the CO partial current density at constant applied potential.

3.3.3 Electrochemical activity of cobalt and iron-doped M-NRGO
To determine whether other earth-abundant transition metals can
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also selectively reduce CO2 to CO, iron- and cobalt-doped N-RGO
were prepared with the same approach. Similar to Ni(NTB), Co(NTB)
and Fe(NTB) form black carbonaceous materials when they are
pyrolyzed at 800°C under an argon atmosphere. TEM analyses
revealed that both Co(NTB) and Fe(NTB) produce metallic
nanoparticle-loaded carbon materials as in the case of Ni(NTB)
(Figure 3.15). However, the TEM images of the Co-N-RGO and FeN-RGO prepared by annealing metal NTB complexes stabilized on
the graphene oxide sheets show only 2D graphene sheets without the
formation of metallic nanoparticles.

Figure 3. 15 The transmission electron microscopy image of (a) CoN-C and (b) Fe-N-C prepared by carbonization of Co(NTB) and
Fe(NTB) complex without the graphene oxide supports. (c) C-NRGO and (d) Fe-N-RGO prepared by annealing Co(NTB) and
Fe(NTB) adsorbed graphene oxide sheets.

148

The chemical structures of the Co-N-RGO and Fe-N-RGO were
also studied by XPS (Figure 3.16 and 3.17). For both samples,
successful nitrogen doping can be confirmed by the N 1s XPS peak
showing pyridinic and pyrrolic nitrogens as the major components.
The 2p3/2 peaks for both metals have slightly higher binding
energies than the peaks for their oxide counterparts, suggesting that
the doped metal atoms are ionic.

Figure 3. 16 Chemical

structure

spectroscopy

a)

analysis.

of

Co-N-RGO by

high-resolution

Co-2p

X-ray
X-ray

photoelectron spectroscopy (XPS) spectrum and b) high-resolution
N-1s XPS spectrum of Co-N-RGO
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Figure 3. 17 Chemical

structure

of

Fe-N-RGO

by

X-ray

photoelectron spectroscopy (XPS) analysis. a) high-resolution Fe2p XPS spectrum and b) high-resolution N-1s XPS spectrum of FeN-RGO
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Figure 3. 18 Atomic composition of metal and nitrogen doped carbon
measured by X-ray photoelectrons spectroscopy

The ionic nature of the doped metals can be further confirmed by
the XAS analysis (Figure 3.19, 3.20). The valence state of the cobalt
in Co-N-RGO is expected to be 2+ as the absorption edge energy
of Co-N-RGO is higher than that of metallic cobalt and close to that
of cobalt (II) oxide. For Fe-N-RGO, the absorption edge energy of
Fe-N-RGO is between that of iron (II) oxide and iron (III) oxide,
suggesting that the iron in Fe-N-RGO has a valence state of
between 2+ and 3+. The EXAFS spectra for Co-N-RGO and FeN-RGO also show features that are characteristic of single-atom
catalysts

similar

to

Ni-N-RGO.

In

both

spectra,

longer

backscattering pathways such as M-M or M-O-M are absent, and
only one major peak with a shorter backscattering pathway than MO can be observed, suggesting that the presence of nitrogen
coordinated single metal atoms on the Co-N-RGO and Fe-N-RGO.
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Figure 3. 19 a) Co K-edge X-ray absorption near-edge structure
(XANES) spectra of Co-N-RGO and b) k2-weighted χ(k) function
of the Co-Kedge X-ray absorption fine structure (EXAFS)
spectra.with Co and CoO for comparison,

152

Figure 3. 20 a) Fe K-edge X-ray absorption near-edge structure
(XANES) spectra of Fe-N-RGO and b) k2-weighted χ(k) function
of the Fe-Kedge X-ray absorption fine structure (EXAFS)
spectra.with Fe and FeO for comparison,
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The activities of the Co-N-RGO and Fe-N-RGO were evaluated
by LSV (Figure 3.21). Both the Co-N-RGO and Fe-N-RGO exhibit
higher H2 production currents under an argon atmosphere. Co-NRGO exhibits the best catalytic activity for H2 evolution, reaching 10
mA/cm2 at -0.35 V vs RHE. The Fe-N-RGO has an activity of 10
mA/cm2 at -0.65 V vs RHE. However, unlike the Ni-N-RGO, both
the Fe-N-RGO and Co-N-RGO show negligible changes in their
current density when CO2 is dissolved in the electrolyte, suggesting
that they have low activity toward CO2 reduction.
By analyzing the gaseous products by GC, their Faradaic efficiencies
were measured. As shown in Figure 3.22, the current density for CO
production is low for both Co-N-RGO and Fe-N-RGO, while the
current from H2 production accounts for most of the current density.
Co-N-RGO has the lowest Faradaic efficiency for CO production
(less than 5%). Fe-N-RGO shows a relatively high CO Faradaic
efficacy (up to 32% at -0.5 V vs RHE) (Figure 3.23). Meanwhile,
among the Ni, Co and Fe, Ni-N-RGO exhibits the highest CO faradaic
efficiency (up to 97% at -0.8 V vs. RHE) compared with its cobalt
and iron counterparts.
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Figure 3. 21 Comparison of the electrochemical activity of M-NRGO with different metal atoms. LSV curves of different metal doped
N-RGO measured in the Ar saturated (dotted line) or CO2 saturated
(solid line) 0.5 M KHCO3 electrolyte.
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Figure 3. 22 Comparison of the electrochemical activity of M-NRGO with different metal atoms. Partial current density for a) H2 and
b) CO production (based on geometric surface area) versus applied
potential
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Figure 3. 23 Comparison of faradaic efficiency of CO production for
different metal doped N-RGO.

3.3.4 Theoretical understanding of the electrochemical activity
To understand the differences in the CO and H2 selectivity of the
different metal atom-doped catalysts, DFT methods were used to
elucidate the trends in reactivity and selectivity. The M-N4 site was
regarded as being the active site in the model catalyst structures. As
the intermediates involved in the reaction pathway determine the
selectivity of the reaction, the interactions between the intermediates
and the active site were calculated to rationalize the reactivity. The
H2 evolution reaction, which is a major concern in electrochemical
reactions, was also examined by considering the interaction between
the protons and the active site.
From the DFT results, it is clear that the Co-N-RGO shows smaller
overpotential towards the HER reaction than the other catalysts
(Figure 3.24). It is believed that an ideal catalyst will have an HER
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overpotential close to zero. Hence, Co-N-RGO can be regarded as
being a strong HER catalyst. For the Ni-N-RGO catalyst, the proton
interactions with the active site are unfavorable given the large
margin that follow, and the interactions with the Fe-N-RGO are the
next most disfavored, suggesting that Fe and Ni are poor HER
catalysts.

These

results

are

consistent

with

the

observed

experimental results in which the H2 current density is greater even
at low potentials in the case of Co-N-RGO. At moderate potentials,
the Fe-N-RGO catalyst is active towards HER at higher potentials
than CO-N-RGO, while Ni-N-RGO is not active towards HER. A
lower H2 current density was observed for Ni-N-RGO because of
the unfavorable interactions between the H and Ni active sites.
To understand the differences in the CO and H2 selectivity of the
different metal atom-doped catalysts, the thermodynamic limiting
potentials for the CO2 reduction and H2 production reactions were
compared. Recent studies have shown that the selectivity between
the CO and H2 production can be related to the difference between
the limiting potentials for CO2 reduction (UL(CO2), UL = −ΔG0/e) and
H2 production (UL(H2)).28 Given that the binding of CO2 to nickel is
the rate determining step for the Ni-N-RGO, based on the results of
a Tafel analysis, we can assume that the formation of COOH* is the
potential limiting step for the CO2 reduction. For the proton reduction
pathway, the formation of H* is a reasonable intermediate for the
potential limiting step. From the DFT calculations for M-N-RGOs,
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we can see that UL(CO2) has a more negative value than UL(H2) for
all the transition metals, and the differences between UL(CO2) and
UL(H2) (UL(CO2)-UL(H2)) is negative. It is expected that those
catalysts with a more negative value of UL(CO2)-UL(H2) are more
likely to produce H2, and those catalysts with more positive values
will more selectively produce CO.29

Figure 3. 24 Comparison of the reaction pathways of different metalatom doped N-RGOs. DFT-calculated free energy diagrams for the
CO2 reduction reaction and hydrogen evolution reaction.
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Since the activation barriers for the reaction kinetics vary linearly
with the binding energies, the reaction kinetics are related to the
limiting potentials. For simplicity, the activation barrier for the RDS
can be regarded as being equal to the free energy differences, and
the rate constant for the reaction can be written as10
k(𝑈) = k 0 𝑒 −𝛼∆𝐺(𝑈)/𝑘𝑇

(1)

where ∆G(U) = ∆G(𝑈0 ) − 𝜂 (𝜂 = 𝑈0 − 𝑈 , U is the applied potential, and
U0 is the thermodynamic equilibrium potential). The reaction rate can
be directly related to the current density for electrochemical
reactions.
𝑖(𝑈) = 𝑖0 𝑒 −𝛼∆𝐺(𝑈)/𝑘𝑇

(2)

To relate the selectivity and the differences between the limiting
potentials, we can describe the selectivity for CO2 reduction as the
ratio between the CO production current density and the H2
production current density.
𝑖𝑐𝑜
𝑖𝐻2

=

𝑖0(𝐶𝑂) 𝑒 −𝛼∆𝐺𝐶𝑂 (𝑈)/𝑘𝑇
𝑖0(𝐻2) 𝑒 −𝛼∆𝐺𝐻2 (𝑈)/𝑘𝑇

(3)

If we assume that the RDS for H2 production involves one electron,
as in the case of CO2 to CO reduction, we can assume the same α
value for both reactions. Moreover, in the case of the same potentials
being applied to each catalyst, the log-linear relationship between
the selectivity and the differences in the limiting potential ( ∆𝑈𝐿 =
𝑈𝐿 (𝐶𝑂2) − 𝑈𝐿 (𝐻2), 𝑈𝐿 = − ∆𝐺0 ⁄𝑒) of each catalyst is expected.
log(𝑗𝑐𝑜 ⁄𝑗𝐻2 ) =

𝛼𝑒
𝑘𝑇

(𝑈𝐿 (𝐶𝑂2) − 𝑈𝐿 (𝐻2)) + 𝐾

(4)

To verify the log-linear relationship between the selectivity and
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ΔUL, log(jco/jH2) which was measured experimentally at -0.4 V vs.
RHE was plotted against ΔUL calculated by the DFT methods. The
linear relationship between log(jco/jH2) and ΔUL was observed as
expected, as shown in Figure 3.25. Also, the trend in the measured
CO selectivity of the catalysts is well matched with the trend in the
calculated ΔUL. Co-N-RGO which has the most negative ΔUL
produces only a small amount of CO, while 98 % of the electrons are
used to produce H2. Fe-N-RGO with modest ΔUL value exhibits
some CO production activity but Faradaic efficiency is only 26 %.
And, Ni-N-RGO which has the most positive ΔUL is highly
selective for CO production with 70 % Faradaic efficiency. Moreover,
the fact that the slope of the linear fit provides a value of 97 mV/dec,
which is close to the experimentally measured Tafel slope, suggests
that the calculated results explain the trends in the catalysts well.

Figure 3. 25 Relationship between the faradaic efficiency and
activation energy difference between hydrogen evolution reaction
and CO2 reduction reaction.
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3.4. Conclusion
In summary, we developed a new strategy to disperse single-atom
nickel sites over nitrogen-doped reduced graphene oxide sheets.
Tris(2-benzimidazolyl-methyl)amine (NTB) ligands were used to
homogeneously disperse nickel atoms on the graphene oxide sheets.
The Ni(NTB) decorated graphene oxide was then annealed to
produce nickel and nitrogen-doped reduced graphene oxide sheets.
Single-atom nickel species decorated on the graphene lattice were
directly observed by HAADF-STEM imaging, suggesting that NTB
can effectively stabilize the nickel ions on the graphene oxide sheets.
Moreover, the peaks for the Ni-Ni or Ni-O-Ni interaction were
negligible in the EXAFS spectrum, confirming the uniform dispersion
of single-atom nickels over the graphene sheets. From the results
of an EXAFS fitting analysis, coordination structure of the nickel
atoms was determined to four nitrogens and one oxygen coordination
structure. Unlike bulk metallic nickel, nitrogen-coordinated singleatom nickel sites exhibited enhanced catalytic activity for the
electrochemical reduction of CO2 to CO with high selectivity.
Compared to single-atom nickel sites, iron- and cobalt-doped
catalysts had inferior CO2 reduction activities, producing H2 as the
main product during electrolysis. From the results of DFT
calculations, we identified that the Ni-N4 site on the graphene lattices
has high activation energy for proton reduction, leading to the
superior CO selectivity compared with its Co and Fe counterparts.
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Chapter 4. High rate CO production from Ni and N
doped three-dimensional carbon electrocatalyst
4.1. Introduction
Development of catalysts with low overpotential and high selectivity
is important to achieve energy-efficient electrochemical CO2
reduction. However, not only the overpotential and selectivity which
determine the energy efficiency, high current density, and long-term
stability are also important to be CO2 electrolysis economically
beneficial.
To evaluate the performance of the catalysts, the majority of
research uses an H-cell as a lab-scale electrolysis cell. In the Hcell, anode and cathode compartment is divided by ion exchange
membrane. The ion exchange membrane ensures ionic conductivity
between anode and cathode compartment, and prevents the crosscontamination between the two compartments (the oxidation of the
CO2 reduction products on the anode side and reduction of oxygen on
the cathode part). In the H-cell, cathode and anode are usually
immersed in the electrolyte, and the reaction occurs in two-phase
interphase between the electrodes (solid) and the electrolyte (liquid)
while the reactants are dissolved in the electrolyte (Figure 4.1 a).
However, in the case of the CO2RR, the mass transfer of CO2 to the
electrode surfaces can be limited by the low solubility of CO2 in the
aqueous electrolyte. and the current density for CO2 reduction can be
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mass transfer limited.
Burdyny et al. simulated the local catalytic environments as a
function of reaction rate for CO2 reduction using a simple 1D
reaction-diffusion model.1 In the H-cell configuration where the
electrodes are immersed in the electrolytes, the maximum CO2
reduction current densities are predicted to be about 35 mA/cm 2 for
two-electron reduction processes (Figure 4.1 c).

Figure 4. 1 (a) H-cell where CO2 is supplied via diffusion from the
bulk electrolyte on the microscale (~50 um). (b) A CO2 reduction
catalyst layer deposited onto a hydrophobic substrate with CO 2
diffusion from a nearby gas-liquid interface (~50 nm). Simplified
predictions of CO2 concentration as a function of current density in
an (c) H-cell and (d) a gas-diffusion layer.
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Thus to enhance the CO2 reduction rate, it is important to enhance
the limited transfer of dissolved CO2 to the electrode. Direct flow of
CO2 through the electrodes is suggested as an effective way to
improve the CO2 mass transfer and CO2 reduction rate. To achieve
this, porous carbon paper, the so-called gas diffusion layer (GDL),
is

frequently

used.

One

of

the

most

frequently

used

cell

configurations that employ GDL is a two-compartment cell with a
membrane electrode assembly (MEA) in a similar way to PEM fuel
cells. In this kind of reactor catalysts are deposited between GDL and
PEM, thus making three-phase interfaces of catalyst (solid),
electrolyte (liquid) and CO2 (gas) (Figure 4.1 b).
As the gaseous reagents can be directly supplied to the surface of
catalysts in an MEA cell, CO2 diffusion pathway to the surface of the
catalyst can be reduced: from ~50 um in an H-cell to ~50 nm using
a gas-diffusion layer.1 And, electrochemical reactions can progress
more efficiently than in a conventional H-cell. The prediction with a
simple gas diffusion layer model suggests much higher maximum
current densities can be achieved in the case of a gas-diffusion layer
as a result of the reduced CO2 diffusion distance. And, Cook et al.
experimentally demonstrated high CO2 reduction current density
more than 200 mA/cm2 using electrolysis cell with GDL.2
In MEA cell, management of three-phase interfaces of CO2 (gas),
H2O (liquid) and catalyst (solid) is crucial to reaction occurs
170

efficiently. We believe that the three-dimensional porous structure
is especially beneficial for the management of three-phase
interfaces resulting in a high CO2 to CO production rate. To prepare
carbon catalysts with a three-dimensional pore structure, Silica
spheres were used as hard templates to support the precursor during
the carbonization process (Figure 4.2).

Figure 4. 2 Synthesis of single atom nickel and nitrogen-doped
three-dimensional porous carbon electrocatalysts (Ni-SA-NCs).

Nitrogen-doped carbons can be prepared by carbonizing nitrogencontaining

a

precursor

at

a

high

temperature

under

inert

atmosphere.3-6 Recently, it was reported that various kinds of ionic
liquids can also be used as precursors for nitrogen-doped carbon
materials.7-9 One of the benefits of using ionic liquid precursors is
that they can easily infiltrate into porous silica templates by the
capillary effect, as they are liquid in room temperature. In this study,
1-Ethyl-3-methylimidazolium

dicyanamide
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(EMIM-DCA)

was

used as a precursor for nitrogen-doped carbon. To co-dope nickel
atoms into the carbon structure during the carbonization process,
nickel chloride was dissolved in EMIM-DCA. The precursor then
infiltrated the silica templates through the capillary effect and was
carbonized inside the interconnected pore structure of the silica
templates. After carbonization, the silica templates were removed by
acid etching, and three-dimensional porous nitrogen-doped carbon
with single atom nickel active sites (Ni-SA-NC) was prepared.

4.2. Experimental Methods
4.2.1 Synthesis of silica templates
Silica spheres with a size of 150 nm were prepared by a
conventional Stober's method.10, 11 To a mixture of 200 ml of ethanol,
15 ml of DI water, and 6 ml ammonia solution, 12 ml of
tetraethylorthosilicate (TEOS) was added under vigorous stirring.
The solution was stirred for 3 hours at room temperature, and the
milky white suspension was formed. The silica suspensions were
collected by centrifugation at 12000 RPM for 5 min, and washed with
ethanol for 3 times. The silica spheres were resuspended in water
and dried slowly in 60 °C drying oven to form solid silica templates.
After drying, silica templates are annealed at 1000 °C for 1 hour.
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4.2.2 Synthesis of Ni-SA-NC catalysts
To prepare nickel and nitrogen doped carbon catalysts, Ni dissolved
EMIM-DCA solution (20 mg of nickel chloride hexahydrate in 200 µl
of EMIM-DCA) was used as a precursor. The mixture was added to
0.2 g of silica templates and allow to permeate the pore structure of
the silica templates. Ionic liquid immersed silica templates were then
transferred to a tube furnace and carbonized at various temperatures
ranging from 800 to 1000 °C. Pyrolysis was done by increasing the
by 10 °C/min to the selected temperature and maintaining at the
selected temperature for 2 h. After carbonization, the silica templates
were etched by diluted hydrofluoric acid overnight. The etched
samples were filtered and washed with abundant water and dried at
60 °C in a drying oven.

4.2.3 Characterization of Ni-SA-NCs
The morphology of the catalysts was investigated by field-emission
scanning electron microscopy (FE-SEM) and transmission electron
microscopy (JEM-2100F, JEOL, Japan). Nickel atoms on the
catalyst surfaces were directly observed by Cs-corrected scanning
transmission electron microscopy (JEM-ARM200F, JEOL, Japan).
The surface area of the catalysts was determined by BrunauerEmmett-Teller (BET) methods from nitrogen adsorption isotherms,
which were measured using Micromeritics ASAP 2010 at a relative
pressure range of P/P0 = 0.05-0.25. Before BET measurement,
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samples were degassed at 200 °C for 10 h at reduced pressure.
XRD patterns were obtained using the 3D beamline from the Pohang
Light Source (PLS-II) with monochromatic radiation (10 keV, λ=
1.2398 Å). Raman spectra were recorded on a LabRAM HV evolution
(HORIBA) with a 532 nm laser as an excitation source.
The surface of the catalysts was investigated by XPS (K-alpha,
Thermo Scientific Inc., U.K.). XPS spectra were calibrated based on
the C 1s peak by correcting the C-C peak position to 284.5 eV. The
chemical structures of the nickel atoms on Ni-SA-NCs were further
investigated by XAS. XAS measurements were conducted using the
BL10C beam line at (PLS-II). The storage ring was operated with a
ring current of 350 mA at 3.0 GeV operated in top-up mode. A
monochromatic X-ray beam was obtained using a liquid-nitrogencooled Si double-crystal monochromator. XAS spectra were
acquired in transmission mode under ambient conditions using
ionization chambers. Energy calibration was performed for each
metal atom with reference metal foils. The XANES and EXAFS
spectra were analyzed using the ATHENA and ARTEMIS software
packages following standard procedures.12

4.2.4 Electrochemical measurement
The electrochemical activities of Ni-SA-NCs were measured in a
conventional three-electrode configuration. A Ag/AgCl electrode
(BASi, RE-5B, 3M NaCl) was used for reference and a Pt wire was
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used as a counter electrode. The working and counter electrode were
separated by the Nafion 115 membrane. The working electrode was
prepared by drop coating the catalyst ink on a carbon paper (0.25
cm2, Toray TGP-H60). The catalyst ink was prepared by dispersing
0.5 mg of Ni-SA-NCs in 200 µl of ethanol with 5ul of 5 wt% Nafion
solution by sonication. 30 µl of prepared ink was drop coated on the
carbon paper, resulting in a catalyst loading of 0.2 mg/cm2.
Electrochemical measurements were conducted using a potentiostat
(CHI600D, CH Instruments, USA). During the electrochemical
measurements, the electrolyte was stirred to supply dissolved CO2
to the electrode surface and to detach the bubbles formed on the
electrode.
To quantify the product amounts, the gas chromatography equipped
with a thermal conductivity detector (TCD) and a flame ionization
detector (FID) (PerkinElmer, NARL8502 model 4003) was used.
The gas products were separated with a Hayesep N and a Molesieve
13X column. H2, O2, and N2 were detected by TCD, and CO2 and CO
were detected by FID. After the bulk electrolysis, the 0.1 ml of gas
was sampled from the headspace of the electrochemical cell and
injected into the GC. The number of moles was calculated from the
area of the peaks, and the area was calibrated using a standard gas
(0.1 mol % of each gas species). And, Faradaic efficiencies of
products are calculated by following equation (n= number of electron
required, F = Faradaic constant).
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4.2.5 MEA electrolysis cell preparation.
To measure the activity of the catalysts with an MEA based
electrolysis cell, MEA was prepared by sandwiching an anion
exchange

membrane

(Dioxide

Materials,

Sustainion

X37-50)

between a cathode and anode such that both catalyst layers were
facing the membrane. The cathode was prepared by drop coating the
catalyst ink over a GDL (AvCarb GDS1120). The ink was prepared
by sonicating the mixture of Ni-SA-NCs (3 mg), ethanol (1 ml), and
5% ionomer solution (45 µl, Dioxide Materials, Sustainion XA-9).
Subsequently, 100 µl of ink was then drop coated over a 1 cm 2 of
GDL, resulting in a catalyst loading of 0.3 mg/cm2. The iridium oxide
coated anode was used as-received from the Dioxide Materials. The
prepared MEA was then placed between the current collectors with
serpentine flow channels. To perform the CO2 electrolysis, gaseous
CO2 was supplied to the cathode side, and 0.5 M KHCO3 electrolyte
solution was passed through the anode side. The outlet of the cathode
side was directly connected to the gas chromatography to measure
the product selectivity.

4.2.6 Computational details
All the quantum chemical computations were performed with a DFT
based Gradient corrected functional GGA-PBE in conjunction with
the def2-SVP basis set.13, 14 The selection of the fictional is based
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on our previous report.15 The GGA-PBE functional successfully
optimized all the structures to their global minima. Standard
convergence criteria and an ultrafine integration grid were used. All
the thermodynamic data are computed at 298.15 K and 1 atm.
Dispersion
Grimme’s

corrections

have

atom-pairwise

been

handled

dispersion

by

incorporating

correction

approach

(DFT+D3).16 All the optimized geometries were verified as minima
or first-order saddle points by harmonic vibrational frequency
analysis and thermal and zero point energy (ZPE) corrections were
also included. The chemical potential of H2 (g) is equivalent to that
of µ (H+ +e-) = 1/2µ (H2) is considered as per the Computational
Hydrogen Electrode model proposed by Norskov et.al.17 The free
energy for adsorbates and non-adsorbed gas-phase molecules is
calculated as ∆G=∆Eelec+∆Ezpe-T∆S, where, T is the temperature,
Eelec is the electronic energy calculated by DFT, and EZPE is the
zero point energy estimated under harmonic vibrational frequency
approximation. The adsorption energy (Eads) was determined by
Eads = Eadsorbate/catalyst − Eadsorbate − Ecatalyst, where,
Eadsorbate/catalyst, Eadsorbate, and Ecatalyst are the total energies
of the adsorbate−catalyst, the isolated adsorbate, and the catalyst
system. According to this definition, a negative Eads indicates
favorable adsorption.
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4.3. Results and Discussion
4.3.1 Characterization of Ni-SA-NC
The morphology of Ni-SA-NCs was investigated by scanning
electron microscope (FE-SEM). The representative FE-SEM image
of Ni-SA-NCs carbonized at 1000 oC is shown in Figure 4.3. The
three-dimensional interconnected pore structure shows pores with
a diameter of about 150 nm, which corresponds to the size of the
silica spheres used as hard templates.
The high surface areas caused by the porous structures of the NiSA-NC were evaluated by nitrogen sorption measurements. The
sample prepared at a low carbonization temperature of 800 °C had
a relatively low BET surface area 422.6 m2/g. However as the
carbonization temperature increased, the surface area increased to
582.6 and 814.3 m2/g for the Ni-SA-NCs prepared at 900 and
1000 °C, respectively (Figure 4.4).

Figure 4. 3 Scanning electron microscopy image of Ni-SA-NC, pores
are produced by etching the silica nanoparticles
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Figure 4. 4 Nitrogen adsorption-desorption isotherms of nickel and
nitrogen doped three-dimensional porous carbons (Ni-SA-NCs).

In a TEM image, very thin carbon layers supported by carbon
backbone can be observed (Figure 4.5). The absence of nickel
agglomeration in the TEM image suggests a uniform dispersion of
nickel atoms over the catalysts. Furthermore, efficient nitrogen and
nickel doping on carbon supports can be observed from the energydispersive X-ray spectroscopy (EDS) elemental mapping (Figure
4.6). The morphology of the nickel atoms on the catalysts is further
investigated

with

high-angle

annular

dark

field

scanning

transmission electron microscopy (HAADF-STEM). The absence of
nickel agglomeration is confirmed again in the low magnification
HAADF-STEM image. Further, uniformly dispersed single atom
nickels decorated over carbon structure are observed with a higher
magnification HAADF-STEM image. Several bright dots over the
carbon lattice can clearly be observed in the HAADF-STEM image
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(Figure 4.7). As more electrons are scattered at higher angles by the
atoms with a higher atomic number, the bright dots correspond to
heavy atoms, in this case, nickel atoms. The sizes of these dots range
from 1.4–1.8 Å, indicating that each bright dot corresponds to well
dispersed individual nickel atoms.

Figure 4. 5 Transmission electron microscopy image of Ni-SA-NC.
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Figure 4. 6 Energy-dispersive X-ray spectroscopy elemental
mapping of Ni-SA-NC.
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Figure 4. 7 High-angle annular dark-field scanning transmission
electron microscopy image of single atomic nickel doped over NiSA-NC; bright dots, which correspond to nickel atoms, are
highlighted.
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When nickel chloride dissolved EMIM-DCA is carbonized without
silica

templates,

a

mixture

of

carbon

particles

and

nickel

agglomerates is prepared (Figure 4.8). After acid etching, most of
the large nickel agglomerates are efficiently removed. However, as
the nickel agglomerates formed inside the carbonaceous materials
are protected from the acid etchant by carbon layers, the remaining
nickel nanoparticles can be observed in the HAADF-STEM image
even after acid etching (Figure 4.9). As nickel atoms passivated by
carbon layers cannot participate in electrochemical reactions,
preventing the passivation of nickel active sites by carbon layers is
crucial for preparing highly active catalysts with exposed nickel
active sites. When silica spheres are used as templates during the
carbonization, efficient etching of nickel agglomerates can be
confirmed by HAADF-STEM (Figure 4.7).
The differences between the catalysts prepared with and without
silica templates suggest that silica templates can effectively prevent
nickel agglomerates from carbon passivation. Impurity or solute
atoms in materials often segregate at the grain boundary or phase
boundary of the materials.18-20 Because nickel agglomerates are
preferentially produced at the boundary between the carbon and the
silica templates, nickel agglomerates can be efficiently removed
during the silica etching as the nickel surfaces are in contact with
silica without carbon passivation (Figure 4.10).
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Figure 4. 8 TEM images of carbonization products of nickel chloride
dissolved EMIM-DCA without silica templates. (a) Before acid
etching, nickel agglomerates can be observed. (b) After acid etching,
most of the nickel agglomerates are efficiently removed.
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Figure 4. 9 High-angle annular dark-field scanning transmission
electron microscopy image of carbonization products of nickel
chloride dissolved EMIM-DCA. Unetched nickel particles are
observed.

185

Figure 4. 10 Schematics of formation of nickel agglomeration with or
without silica supports. a) When nickel dissolved EMIM DCA is
carbonized without silica supports, nickel agglomerates produced at
high carbonization temperature are passivated by carbon layers. b)
When nickel dissolved EMIM DCA is carbonized with silica supports,
nickel atoms agglomerate at the phase boundary between silica and
carbon. And, during the removal of silica supports, the surface of
nickel agglomerates are exposed and can be easily removed.
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The formation of a graphitic structure was investigated by an X-ray
diffraction (XRD) analysis (Figure 4.11). The absence of peaks
related to nickel materials suggests efficient removal of nickel
agglomerates on Ni-SA-NCs. The peak at 20.9° corresponds to a
(002) interplanar spacing of graphite which indicates the formation
of a layered graphene structure. However, Ni-SA-NC prepared at
800 °C shows a broad (002) peak, suggesting a low degree of
graphitization. As the temperature increases, the (002) peak
becomes more distinct, which indicates that the more ordered
graphitic structure is formed at a higher carbonization temperature.
Furthermore, the development of the (100) peak at 34.1° indicates
that a higher degree of intralayer graphitic structure is formed at
higher carbonization temperature. The graphitic structure of Ni-SANCs was also investigated by Raman spectroscopy (Figure 4.11).
The peaks appearing near 1580 cm–1 correspond to the G-peak,
which represents the planar sp2 graphitic structure of carbon
materials.21,

22

As the carbonization temperature increases, the G

peak becomes sharp and blue shifted, which indicates that the more
ordered graphitic structure is formed at a high carbonization
temperature. In addition to the G peak, Ni-SA-NCs exhibit a strong
D peak at 1348 cm–1, which is caused by defects in the graphene
structure.23 The intense D peak of Ni-SA-NCs indicates the
presence of a number of defects in the carbon structure such as
nitrogen heteroatoms, vacancies, and grain boundaries. The relative
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intensities of the D peaks (ID/IG) are often used as a parameter to
represent the disorder in the carbon materials. As the carbonization
temperature increases, the value of ID/IG for Ni-SA-NC decreases,
thus the number of defects in the Ni-SA-NCs is decreased.

Figure 4. 11 (a) X-ray diffraction of Ni-SA-NCs; More ordered
graphitic structure is formed at higher carbonization temperature. (b)
Raman spectroscopy analysis of Ni-SA-NCs.
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The surfaces of Ni-SA-NCs were chemically analyzed by X-ray
photoelectron spectroscopy (XPS). A C 1s peak was observed as the
primary peak, and the presence of N 1s and Ni 2p peaks suggests
that nitrogen and nickel were successfully doped on the carbon
surfaces. The binding energy of the Ni 2p3/2 peak of Ni-SA-NC
carbonized at 1000 °C was 855.1 eV, which is higher than that of
metallic Ni (852.5 eV) and NiO (853.7 eV) suggesting the ionic
characteristic of nickel atoms on the Ni-SA-NC (Figure 4.12). The
high-resolution

N-1s

spectrum

highlights

several

nitrogen

configurations (Figure 4.12). The peaks at 398.7 and 400.5 eV
corresponds to pyridinic N and pyrrolic N, respectively.24 The
shoulder peak can be deconvoluted to two peaks; the quaternary
(401.5 eV) and graphitic nitrogen (402.2 eV) peaks.25 The
quaternary N, or valley N, is nitrogen atoms coordinated with three
carbon (N-C3) positioned at the edge of the graphitic lattice. The
graphitic N, or center N, has same N-C3 coordination; however, it is
positioned in the plane of the graphitic lattice. The atomic
compositions of each catalyst derived from the XPS peak intensities
are summarized in Figure 4.13.
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Figure 4. 12 . (a) High-resolution Ni 2p X-ray spectroscopy (XPS)
spectrum of Ni-SA-NC (b) High-resolution N 1s XPS spectrum of
Ni-SA-NC.
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Figure 4. 13 Atomic compositions of single atom nickel and nitrogen
doped three-dimensional porous carbon (Ni-SA-NC). (a) Atomic
composition of Ni-SA-NCs (b) Composition of each nitrogen
species.
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The detailed chemical state of nickel atoms on the Ni-SA-NC was
investigated by X-ray absorption spectroscopy (XAS). Ni K-edge
X-ray absorption near edge structure (XANES) is shown in Figure
4.14. The Ni absorption edges of Ni-SA-NCs are higher than those
of metallic Ni, and their absorption edges are very close to those of
nickel porphyrin (Ni-TPP) with a nickel valence state of 2+.
Furthermore, the XANES spectra of Ni-SA-NC exhibit several
characteristic transitions. The pre-edge peak A indicates a dipole
forbidden but quadrupole allowed 1s-3d transition.26 The shoulder
peak B can be assigned to the 1s-4pz transition.27, 28 As the 1s-4pz
transition is allowed in square planar D4h symmetry, an intense 1s4pz transition can be observed for Ni-TPP. However, as the 1s-4pz
transition is greatly affected by the distortion of the symmetry, The
relatively weak and broad features of peak B for the Ni-SA-NC
compared to the Ni-TPP indicate distortion of the D4h symmetry.29
However, when the sample annealing temperature increases, the
increase in the peak B can be observed. The increase ㅋin peak B
indicates that the nickel center becomes more symmetric due to the
formation of a more ordered graphitic structure, as can be observed
through the XRD and Raman analyses. Peak C can be attributed to the
1s-4pxy transition, and peak D can be attributed to the multiple
scattering processes of the metal centers.30 As the nickel geometry
becomes more symmetric at high carbonization temperature, multiple
scattering processes become more favored and the intensity of peak
192

D also increases.

Figure 4. 14 Chemical state of nickel atoms on Ni-SA-NC. (a) the
Ni-K edge X-ray absorption near edge structure spectra. (b) k2weighted χ(k) function of Extended X-Ray Absorption Fine
Structure (EXAFS) spectra.

The local structural properties around Ni atoms in the Ni-SA-NC
were further investigated with an X-ray absorption fine structure
(EXAFS) analysis. The Fourier transform EXAFS(R)s with k2weight spectra for Ni-SA-NC and other reference materials such as
Ni metal, NiO, and Ni-TPP were plotted in Figure 4.14. Ni metal
shows a Ni-Ni pair at 2.18 Å, while NiO exhibits a Ni–O pair at 1.69
Å and a Ni-O-Ni pair at 2.64 Å. The peaks are shifted by ~0.4 Å from
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their actual bond lengths owing to the phase shift of the backscattered
photoelectron. The absence of Ni-Ni and Ni-O-Ni pair in the NiSA-NCs suggests the uniform dispersion of single nickel atoms on
Ni-SA-NCs. In addition, Ni-SA-NCs exhibit only one major peak
around 1.42 Å which can be assigned to a Ni-N pair which is known
to form a shorter bond than that of a Ni-O pair. As a comparison, the
EXAFS spectrum of Ni-TPP with a well-defined Ni-N pair was
measured and yields a Ni-N pair at 1.50 Å. The shorter Ni-N pair in
Ni-SA-NC than in Ni-TPP reflects the structural differences
between the graphitic and porphyrinic structure.31 Interestingly, an
increase in the intensity of the Ni-N peak was observed as the
annealing temperature increased suggesting that there is a change in
the coordination number around the nickel atoms. To determine the
coordination number of nickel atoms, EXAFS fitting analysis was
performed. First shell fitting for each Ni-SA-NC prepared at 800
and 900 °C yield Ni coordination numbers of 3.6 and 3.8,
respectively (Figure 4.15). As the carbonization temperature
increases to 1000 °C, the coordination number becomes 3. 9 which
is close to that of Ni-TPP with a square planar Ni-N4 coordination.
The EXAFS fitting results agree well with those of the XANES
analysis. As the coordination number approaches four, the 1s-4pz
transition allowed by D4h symmetry increases. In addition, as the
coordination structure becomes more symmetric, transition caused
by multiple scattering process increases.
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Figure 4. 15 Chemical state of nickel atoms on Ni-SA-NC. Ni Kedge EXAFS fitting analysis of Ni-SA-NCs in (c) R space and (d) k
space, the coordination numbers (CNs) are determined by first shell
EXAFS fitting.

4.3.2 Electrochemical CO2 reduction activity
To identify the relationship between changes in nickel coordination
structures and the activity of catalysts, the electrochemical activities
of Ni-SA-NCs were investigated. The electrochemical activity of
Ni-SA-NCs towards CO2RR was evaluated by linear sweep
voltammetry. Working electrodes were prepared by drop coating the
catalyst with a Nafion as a binder over carbon paper. A two195

compartment H-cell, where the anode and cathode are separated by
a Nafion membrane was used. The linear sweep voltammetry of
catalysts prepared at different temperature is shown in Figure 4.16.
Under an argon atmosphere, the catalysts showed low catalytic
current suggesting low hydrogen evolution reaction (HER) activity
of the catalysts. However, when the CO2 was purged into the
electrolyte, the current density increased significantly, exceeding 50
mA/cm2 at −1.0 V vs. reversible hydrogen electrode (RHE) with a
vigorous generation of bubbles over the electrodes. The increase in
current density after CO2 dissolution suggested high electrochemical
CO2RR activity of the Ni-SA-NCs.

Figure 4. 16 Electrochemical activity of Ni-SA-NC. (a) LSV curves
measured in the Ar saturated (dotted line) or CO2 saturated (solid
line) at 0.5 M KHCO3 electrolyte.

To determine the partial current density for CO2RR, the composition
of gaseous products was analyzed by gas chromatography (GC) after
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bulk electrolysis for 2000 s. The gaseous products were identified
as H2 and CO. No noticeable liquid products were detected in the
electrolytes by the NMR analysis. The calculated partial current
density for CO and H2 is plotted in Figure 4.17. As the applied
potential increased, the CO partial current density increased
substantially. However, the H2 partial current exhibited minimal
increases.
The Faradaic efficiencies of Ni-SA-NCs at each applied potential
are plotted in Figure 4.17. As the CO production rate competes with
HER in the low over-potential region, Ni-SA-NCs show low CO
Faradaic efficiencies in the low over-potential region. However, as
the applied potential increases, the CO partial currents increase
substantially compared with the H2 partial currents, resulting in an
increased CO Faradaic efficiency. After reaching a maximum, the CO
Faradaic efficiency decreases as the H2 current density increases in
the high over-potential region. In addition, an increase in CO
Faradaic efficiency is observed as the sample annealing temperature
increases. The sample prepared at 800

o

C has a maximum CO

Faradaic efficiency of 96.8% at −0.7 V vs. RHE. As the carbonization
temperature increases to 900

o

C, the CO Faradaic efficiency

increases reaching a maximum of 98.6% at −0.8 V vs. RHE. Ni-SANC prepared at 1000 oC shows a maximum Faradaic efficiency for
CO2 reduction exceeding 99%.
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Figure 4. 17 Electrochemical activity of Ni-SA-NC. a) The partial
current density of CO and H2 production (based on geometric surface
area) versus applied potential b) Faradaic efficiency of CO production
versus applied potential.

To understand the reaction mechanism of CO2 to CO reduction, the
Tafel analysis was performed for Ni-SA-NC. The partial current
density of CO is plotted against the applied potential in Figure 4.18.
The Tafel slope was calculated as 110 mV/dec. This value is close
to 118 mV/dec, suggesting that one-electron transfer is involved in
the rate-determining step (RDS). To determine whether a proton is
involved in the RDS, the effects of the proton concentration on the
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electrochemical behavior of the catalyst were studied. The pH of the
electrolyte is controlled by the bicarbonate ion concentration. As the
solubility of CO2 in the aqueous electrolytes is fixed to 0.033 M under
atmospheric pressure, the proton concentration is reciprocally
proportional to the HCO3− concentration because of the chemical
equilibrium with a dissolved CO2.32 The CO partial current density
was plotted against the bicarbonate ion concentration in Figure 4.18.
The CO partial current density was measured at a fixed applied
potential of –1.2 V vs. Ag/AgCl. The corresponding slope of log[jco]
versus log[HCO3–] is close to 0, suggesting that the bicarbonate ion
does not participate in the RDS. From the Tafel and pH dependence
analyses, one electron transfer without proton involvement is
suggested as the RDS. As the initial valence state of nickel atoms in
Ni-SA-NC is 2+ determined by the XPS and XANES analysis, the
one-electron reduction of Ni(II) to Ni(I) and the binding of CO 2 to
the Ni(I) sites is suggested as the corresponding RDS. After CO2
binding at the Ni(I) sites, it is suggested that the adsorbed CO 2 is
further reduced to a COOH* intermediate by a concerted protoncoupled electron transfer (PCET) from the theoretical calculation,.33
By further protonation of the OH group on COOH*, CO* is formed
over the nickel sites. Gaseous CO is then produced by the desorption
of CO from the nickel active sites, and the Ni(II) sites are
regenerated. The proposed reaction mechanism for the Ni active
center is summarized in Figure 4.19.
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Figure 4. 18 Electrochemical mechanism analysis of Ni-SA-NC. a)
Tafel plot of CO partial current density for Ni-SA-NCs at different
applied potentials. b) Bicarbonate concentration dependence of the
CO partial current density at the constant applied potential.
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Figure 4. 19 Schematic of CO2 to CO reduction mechanism on the
single-atom nickel active site. As a rate-determining step, Ni(II)
valence state is reduced to Ni(I) along with the binding of CO 2 to
nickel sites. After CO2 binding, proton-coupled electron transfer
(PCET) occurs to form COOH* intermediates. Finally, C−O bond
cleavage occurs by protonation of (OH) functional group by proton
sources in the electrolyte with the release of CO as a product.

4.2.3 Theoretical studies of the electrochemical CO2 reduction
activity
From the EXAFS fitting analysis and electrochemical activity
measurement, we can observe that the coordination number and
selectivity are related and increase concurrently as the carbonization
temperature increases. To relate the structural changes and catalytic
activity, DFT calculation was used to understand the trends in
reactivity and selectivity. Nickel atoms on a graphitic lattice were
simulated by substituting the one or two carbon atoms in the graphitic
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lattice with nickel atoms which form the mono-vacant model (MVNi) and the di-vacant model (DV-Ni), respectively. Based on these
models, four different nickel coordination structures were considered,
DV-Ni atoms with four nitrogen atoms (NiN4), three nitrogen atoms
(NiN3V), two nitrogen atoms (NiN2V2) and MV-Ni sites with three
nitrogen atoms (NiN3) (Figure 4.20). To rationalize the CO2 reduction
reaction, the binding of CO2 on the nickel atom to form *COOH and
the further reduction of *COOH to *CO were considered as reaction
intermediates. In addition, the hydrogen evolution reaction (HER)
which is the competitive reaction was examined by considering the
interaction between the protons and the active site.

Figure 4. 20 Schematic of four different nickel coordination
structures for DFT calculations.
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Figure 4. 21 Comparison of the reaction pathway of different nickel
coordination sites.

a) DFT-calculated free energy diagram for the

CO2 reduction reaction. b) Free energy diagram for hydrogen
evolution reaction.

As shown in Figure 4.21, the potential for COOH* formation is the
limiting potential for CO2RR. NiN3, NiN3V, and NiN2V2 show lower
free energies of COOH* formation than NiN4 suggesting that CO2 can
interact more easily with these low coordination number nickel sites
to form the COOH* intermediate at a lower applied potential. However,
the limiting potential for the competitive hydrogen evolution reaction
also decreases with these less coordinated nickel sites which can
result in dominant hydrogen production. Recent studies have
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demonstrated that the difference between the limiting potentials for
CO2 reduction (UL(CO2), UL = −ΔG0/e) and H2 production (UL(H2))
can be related to the selectivity between CO and H2 production.34 The
catalysts with a more negative value of ΔUL = UL(CO2)−UL(H2) are
suggested to produce hydrogen more dominantly, and the catalysts
with more positive values are suggested to produce CO selectively.
The ΔUL of NiN3V has the most negative value suggesting that it
will dominantly produce hydrogen during electrolysis and the
presence of NiN3V in the catalysts will reduce the Faradaic efficiency
of CO2 reduction. NiN3 and NiN2V2 with positive ΔUL are expected
to interact more selectively with CO2 rather than with protons (Figure
4.22).
However, to further reduce the COOH* intermediates to CO*, which
is then desorbed from the nickel sites to form gaseous CO as the final
product, the interaction of CO* with the nickel sites should also be
considered. The CO desorption energies for each Ni model are
summarized in Figure 4.22. NiN3 and NiN2V2 have high CO desorption
energy suggesting that these active sites will be easily poisoned by
CO. Even though NiN3 and NiN2V2 have an affinity to interact with
CO2, the CO intermediates are too strongly bound with Ni and are
hard to desorbed from the nickel active centers resulting in the
deactivation of active centers. Consequently, active centers with low
coordination number are suggested to be unsuitable for CO2 reduction.
NiN3V will dominantly produce hydrogen during electrolysis, while
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NiN3 and NiN2V2 will be poisoned by CO during electrolysis. However,
NiN4 has a positive CO desorption energy and is resistant to CO
poisoning. Furthermore, NiN4 has a more positive ΔUL than

NiN3V,

indicating that it can more selectively reduce CO2 to CO.
The observed electrochemical activities of the catalysts also agree
well with the DFT calculation results. EXAFS fitting conducted for
the Ni-SA-NC prepared at 800 °C yields a low coordination
number. The low coordination number is caused by the presence of
nickel active centers with a low coordination number, such as NiN3V.
Because the DFT calculation for NiN3V indicates a high HER, NiSA-NC prepared at 800 °C exhibits a relatively high HER current
density and a low CO Faradaic efficiency. However, as the annealing
temperature increases, the nickel coordination number increases
along with CO Faradaic efficiency. The Ni-SA-NC prepared at
1000 °C with a higher coordination number exhibits a low HER
current density and shows the highest CO Faradaic efficiency
exceeding 99%.

205

Figure 4. 22 Comparison of the reaction pathway of different nickel
coordination sites. a) Comparison of the activation energy difference
between CO2RR and HER.

b) Comparison of carbon monoxide

desorption energy.

4.3.4 Electrochemical CO2 to CO reduction with an MEA
electrolysis cell
As the reaction occurs between the electrodes and CO2 molecules
dissolved in the electrolyte, the limited mass transfer of CO2 due to
the low solubility of CO2 in the aqueous electrolyte can limit the
overall efficiency of electrolysis cell in a conventional H-cell
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To enhance the limited CO2 mass transfer, direct flow of CO2 through
the surface of catalyst electrodes is suggested as an effective way 3539

Especially, MEA has been used in polymer electrolyte membrane

fuel cells (PEMFCs) to facilitate the electrochemical reaction of the
gaseous reactant with electrodes. By depositing the catalysts
between the gas diffusion layer (GDL) and the ion exchange
membrane, three-phase interfaces of hydrogen and oxygen (gas),
H2O (liquid) and catalyst (solid) can be made. As the gaseous
reagents can be directly supplied to the surface of catalysts in an
MEA cell, electrochemical reactions can progress more efficiently
than in a conventional H-cell.
an MEA based electrolysis cell for CO2 reduction reaction was
tested to solve the limitation of CO2 mass transfer in the aqueous
condition.

For

the

cathode

compartment,

Ni-SA-NCs

were

deposited over GDL. Ni-SA-NCs were first dispersed in ethanol
with an ionomer(Sustanion) forming homogeneous ink solution. The
prepared ink was then drop-coated over GDL and dried. For the
anode compartment, iridium oxide deposited carbon paper was used
as an anode and the 0.5 M KHCO3 electrolyte flowed through the
anode compartment. Cathode and anode compartments are separated
with an anion exchange membrane (Figure. 4.23).
In PEMFC, cation exchange membranes (CEM) are usually used as
an ion conducting membrane, and the proton produced by hydrogen
oxidation in the anode diffuse to the cathode to react with oxygen
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producing water. To be CEM used in electrolysis cell, the proton
produced by the oxygen evolution reaction in the anode should
diffuse to the cathode. The problem is to be the proton transfer
favorable, the anode should operate in the acidic electrolytes where
the OER reaction is inhibited. And, the OER catalyst that can run in
the acidic environment with a low overpotential and high stability is
still needed. If CEM electrolysis cell operates in the neutral or base
electrolytes, the prevalent transfer of cation such as potassium or
sodium other than proton results in the charge accumulation in the
cathode compartment and charge depletion in the anode compartment.
Furthermore, when CEM is used in the CO2 electrolysis cell, the CO2
reduction reaction can be suppressed by more favorable HER in the
acidic environment. So instead of CEM, anion exchange membrane
(AEM) that can conduct OH−, HCO3-, and CO32- was used. And, CO2
saturated bicarbonate electrolyte is used. OH− is generated at the
electrode during the cathodic reduction of CO2 in aqueous media.The
resultant OH− will react with the dissolved CO2 and form HCO3−.
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Figure 4. 23 Structure of membrane electrode assembly (MEA) cell

Cyclic voltammetry of the electrolysis cell was plotted in Figure 4.24.
When the activity of the catalysts was investigated in a conventional
H-cell with electrodes immersed in electrolytes, the current density
was limited to approximately 50 mA/cm2. Furthermore, the CO partial
current density and CO Faradaic efficiency decrease as the
competing HER becomes more favored in a high over-potential
region. However, when the catalysts are deposited as MEA, a higher
current density over 100 mA/cm2 can be obtained, and it reaches 380
mA/cm2 for an applied potential of 3.0 V (2.77 V when iR
compensated) with high CO selectivity over a wide range of applied
potentials. Moreover, the MEA cell shows a stable current density
over 140 mA/cm2 at an applied potential of 2.6 V (2.51 V when iR
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compensated) with high CO selectivity during the 9 h continuous
electrolysis (Figure 4.25). The MEA electrolysis results reveal the
outstanding activity of Ni-SA-NCs with high selectivity and stability
for CO2 to CO reduction. CO production rate over 300 mA/cm2 with
earth-abundant

metals

is

unprecedented,

and

Ni-SA-NCs

outperform the recently developed nickel-based electrocatalysts. In
MEA cell, management of three-phase interfaces of CO2 (gas), H2O
(liquid) and catalyst (solid) is crucial to reaction occurs efficiently.
We believe that the three-dimensional porous structure of Ni-SANC is especially beneficial for the management of three-phase
interfaces resulting in a high CO2 to CO production rate. In technoeconomic aspects of electrochemical CO2 reduction, it is suggested
that the current density should be over a certain threshold (200 −
400 mA/cm2) for profitable electrochemical CO2 reduction.40 In this
study, we successfully demonstrated high current density that
satisfies the practical requirement utilizing the earth-abundant nickel
atoms as active sites and MEA electrolysis cell.
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Figure 4. 24 High rate CO2 electrolysis with a membrane electrode
assembly (MEA) cell. a) Cyclic voltammetry of MEA cell. b) average
bulk electrolysis current density of MEA cell for 30 min electrolysis
at each applied potential and CO Faradaic efficiency.
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Figure 4. 25 Electrochemical stability of Ni-SA-NCs on membrane
electrode assembly (MEA) cell. a) Change in the current density of
Ni-SA-NCs during bulk electrolysis. b) Product selectivity between
CO and H2.
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4.4. Conclusion
To efficiently reduce CO2 to CO electrochemically, highly active
single-atom nickel and nitrogen doped three-dimensional porous
carbon electrocatalysts were prepared. To generate the porous
structure, silica spheres were used as hard templates, and nickel
chloride dissolved ionic liquid EMIM-DCA was used as a precursor
to produce nickel and nitrogen-doped carbon materials. After
carbonization and silica etching, carbon catalysts with threedimensional porous structures were prepared and homogeneously
dispersed mono nickel atoms on the carbon surfaces could be
observed by HAADF-STEM. In addition, the uniform dispersion of
single-atom nickels over the carbon structure was confirmed by XAS
analysis with the absence of Ni-Ni and Ni-O-Ni interactions.
Moreover, from the EXAFS fitting analysis, the coordination
structures of the nickel atoms were determined to be from 3.6 to 3.9
depending on the carbonization temperature. From the DFT
calculation, we demonstrated that the fully nitrogen coordinated NiN4 active sites on the graphitic lattices facilitate highly selective CO
production. Furthermore, the CO2 reduction efficiency was further
improved by introducing the MEA cell. The direct supply of CO2 to
the surface of the catalysts significantly enhances the limited mass
transfer of CO2 in the aqueous electrolytes, and a high CO production
rate of over 300 mA/cm2 can be achieved.
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Chapter 5. Concluding Remarks
In

this

thesis,

atomically

dispersed

nickel

atoms

on

the

electroconductive carbon supports were investigated as active sites
for the CO2 reduction reaction (CO2RR), in an effort to develop the
electrocatalysts

with

well-defined

active

sites.

To

be

the

electrochemical CO2RR practical, the development of effective and
selective electrocatalysts is crucial. However, achieving high
selectivity with low overpotential is challenging due to the diverse
CO2 reduction pathways and hydrogen evolution reaction which
occurs in the same range of applied potentials. To address this critical
issue, the development of efficient and selective CO2 reduction
electrocatalysts is crucial.
Both homogeneous and heterogeneous catalysts have been
extensively studied to reduce the kinetic barriers required. Among
them,

heterogeneous

catalysts

are

especially

beneficial

for

electrochemical applications as the electrons can effectively transfer
to the active sites. However, as the reaction can occur on the surface
of heterogeneous catalyst where it contacts with electrolytes,
increasing the electroactive surface is crucial to enhance the reaction
rate. To develop electrocatalysts with high activity and selectivity,
enormous efforts have been devoted to developing nanostructured
electrocatalysts.
By adopting the nanostructured electrodes, a high surface area to
volume ratio can be obtained and high catalytic current can be
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achieved. However, even the nanostructured electrode surfaces
consist of various kind of crystallographic surface, the surface may
possess

multiple

active

sites

with

different

activities.

Such

heterogeneity of the active sites can reduce a selectivity toward
desired products. It also makes it difficult to understand and control
the active sites of interest.
In this aspect, catalysts with well-defined active sites which
consist of single metal atoms are especially interesting as they can
maximize the atom efficiencies achieving a high specific activity
which

cannot

be

obtained

with

conventional

nanostructured

electrodes. And, well-defined active sites which is similar to that of
the homogeneous molecular catalysts can offer great potential to
achieve high activity and selectivity.
First, atomically dispersed nickel atoms are stabilized by polymeric
carbon nitrides (p-CNs). As p-CNs are consist of either heptazine
or triazine unit which possesses electron-rich pyridinic nitrogen
motifs, the positively charged nickel ions were effectively stabilized
by p-CNs. Contrast to the graphitic carbon nitrides (g-CNs) which
are believed to ligate metal ions by two nitrogen, nickel ions in pCNs are suggested to be coordinated by four nitrogens; positioned
between two individual strands of p-CNs. Having a square planar
symmetry which is similar to that of porphyrin or phthalocyanine,
such Ni active sites exhibited a selective CO2RR activity suppressing
the HER.
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Further, the strategy to dope atomically dispersed nickel atoms
directly into graphene sheets were investigated. To prevent the
agglomeration of nickel atoms during the high-temperature annealing
process, nickel atoms are ligated by tris(2-benzimidazolylmethyl)amine (NTB) ligand and immobilized on the surfaces of
graphene oxide sheets. Upon the thermal annealing, Ni and NTB
ligands on graphene oxide sheets were chemically transformed into
nitrogen-coordinated nickel active sites (NiNx) which show highly
selective CO2RR activity. As a comparison, nitrogen-coordinated Fe
and Co active sites (FeNx and CoNx) on reduced graphene oxide were
also prepared. However, compared with NiNx, the FeNx and CoNx
showed poor CO2RR activities producing H2 dominantly. Further, the
activity of each active sites was understood by DFT calculation. DFT
calculations revealed that the NiNx have high overpotential for HER
leading to selective CO2RR. However, FeNx and CoNx with low HER
overpotential produce H2 rather than reduce CO2.
From the previous results, the highly active and selective CO2RR
activity of NiNx was revealed. To utilize these atomically dispersed
nickel active sites more efficiently, the catalysts with threedimensional pore structure (Ni-SA-NCs) were synthesized. Owing
to their three-dimensional pore structure, the three-phase interface
between electrolyte(liquid), catalysts(solid), and CO(gas) can be
well established enhancing the mass transfer of CO2 to the surface of
the catalyst.
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The CO2RR activities of Ni-SA-NCs prepared at different
carbonization temperature from 800 oC to 1000 oC were investigated
by

electrochemical

measurement

using

conventional

H-cell.

Interestingly, the CO2RR selectivity increases as the sample
carbonization temperature increases. To understand the structure
change of active sites upon the different carbonization temperature,
the structure of active sites was investigated with X-ray absorption
spectroscopy(XAS). From XAS analysis, it is revealed that as the
carbonization temperature increases from 800 oC to 1000 oC, the
active sites become more symmetric and the coordination number
increases from 3.6 to 3.9. From the DFT calculation, it was shown
that the well-ordered NiN4 active sites are highly selective for CO2
to CO reduction and the NiNx sites with low coordination number are
inappropriate for CO2RR reaction.
To make the most of the CO2RR activity of the Ni-SA-NCs
catalysts with well-ordered NiN4 active sites, the Ni-SA-NCs are
directly on the anion exchange membrane making the membrane
electrode assembly (MEA). By adopting the MEA configuration,
gaseous CO2 can be directly introduced to the surface of catalysts
enhancing the mass transfer CO2, achieving high CO2 to CO reduction
current density of over 300 mA/cm2.
In conclusion, the highly efficient CO2 to CO reduction was
demonstrated with atomically dispersed Ni active sites on various
kinds of electroconductive carbon supports. We envision that a
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sustainable carbon cycle can be realized with the development of
such highly efficient CO2 to CO reduction catalysts, as CO can be
further converted to various kinds of chemical products. The
produced CO can be utilized in the industrially available gas to liquid
conversion technology to produce various kinds of chemical products
such as methanol or even petroleum fuels.
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국문 초록
대기 중 이산화탄소 농도의 증가는 지구 온난화의 원인 중 하나로
지목되고 있으며, 이와 같은 이산화탄소 농도를 제어하기 위하여 많은
방법론들이 제시되고 있다. 그 중 이산화탄소를 다른 화학 물질로
전환하여 산업 자원으로 이용하고자 하는 이산화탄소 응용 기술은
친환경적이며 산업적으로도 많은 가치가 있어 주목을 받고 있으다. 특히,
전기화학적인 방법을 통해 이산화탄소를 연료로 전환하는 전기화학적
이산화탄소 응용 기술은 신재생 에너지와의 결합을 통해 대기 중
이산화탄소 농도를 줄일 수 있는 획기적인 방법으로 많은 주목을 받고
있다. 전기화학적 이산화탄소 환원 반응을 통해 얻을 수 있는 생성물 중
하나인 일산화탄소는 수소와의 혼합을 통해 합성 가스를 형성할 수 있어
산업적으로 바로 이용 가능한 생성물 중 하나이며, 본 연구에서는
이산화탄소를 일산화탄소로 전환할 수 있는 전기화학적 방법에 대해
연구하였다.
전기화학적으로

이산화탄소를

일산화탄소로

전환하기

위해서는

전기화학 촉매 개발이 필수적이며, 선택적이고 효율적인 이산화탄소
환원 반응이 유도하기 위해서 촉매에 존재하는 활성 장소의 제어가
필수적이다. 본 연구에서는 이를 달성하기 위하여 탄소 나노 구조체
위에

원자

단위로

분산된

금속

활성

장소를

형성시키고

이들의

이산화탄소 환원 특성을 이해하고자 하였다. 첫 번째로 여러 가지 탄소
기반 물질 중, 카본 나이트라이드(PCN) 를 이용하여 니켈 원자를
안정화시키고 이들의 이산화탄소 환원 특성을 이해하고자 하였다. 카본
나이트라이드 는 금속 원자와 결합을 형성할 수 있는 질소의 비율이
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높아 단원자 활성장소를 안정화시키기에 적합한 물질 중 하나이며, 고체
NMR 분석을 통해 이들을 구성하고 있는 단위체의 구조를 파악할 수
있었다. 또한, 계산 화학을 통해 이들의 단위체에 존재하는 질소 원자가
니켈 단원자를 효과적으로 안정화 시킬 수 있다는 것을 알 수 있었다.
더불어 효율적으로 전자가 카본 나이트라이드로 전달될 수 있도록
전도도가

높은

카본

나노

나이트라이드에

의해

안정화된

전기화학적

이산화탄소

환원

튜브와의
니켈

효율을

복합체를
단원자

합성하였다.
활성

보여주었으며,

장소는
이를

카본
높은

이용하여

일산화탄소를 -0.9 V (vs. RHE)의 전압에서 99%의 패러데이 효율로
선택적으로 생산할 수 있었다.
다음으로 단원자 활성 장소를 직접적으로 탄소 구조체 위에 안정화할
수

있는

방법에

대해

연구하였다.

그래핀

구조는

공액

π

결합

(conjugated π bond)으로 이뤄져 있어 높은 전기 전도도를 가지고
있지만 공액 π 결합의 화학적 안정성으로 인해 다른 금속 원자와의
상호 작용이 어렵다는 특성을 가지고 있다. 따라서 금속 원자를 그래핀
표면에 안정화 시키기 위해서는 금속 원자와 상호작용을 할 수 있는
작용기를 그래핀 위에 형성하는 것이 중요하다. 앞서 연구와 같이 질소
원자는 비공유 전자쌍을 통해 금속 원자와의 리간드 결합을 할 수
있으므로 그래핀 표면 위에 금속 원자와 함께 질소 원자를 도핑하여
금속 원자를 안정화 시키고자 하였다.
질소 원자와 금속 원자를 동시에 그래핀에 도핑하기 위하여 Tris(2benzimidazolyl-methyl)amine (NTB) 리간드가 도입되었다. NTB
리간드는 금속 원자의 리간드 결합을 형성할 수 있을 뿐만 아니라 ππ 상호 작용을 통해 그래핀 표면에 흡착될수 있어 금속 원자를
225

효과적으로 그래핀 표면 위에 흡착시킬 수 있었다. 이렇게 흡착된 금속
원자와 리간드를 열처리를 통해 화학 변화를 유도하여 성공적으로 질소
원자에 의해 안정화된 단원자 금속 촉매 활성 장소를 그래핀 표면 위에
형성할 수 있었다. 이와 같은 방법으로 형성된 여러 단원자 금속 활성
장소(Co, Fe, Ni)는 각기 다른 이산화탄소 환원 특성을 보여주며 Ni >
Fe > Co 순으로 이산화탄소 환원 선택성이 높아지는 것을 확인하였다.
특히, 질소 원자로 안정화된 니켈 단원자가 도핑된 그래핀 촉매는 가장
높은 이산화탄소 환원 특성을 보여주었으며 -0.8 V (vs. RHE)의
전압에서

97%의

패러데이

효율로

높은

일산화탄소

선택성을

보여주었다.
하지만 일반적인 전기화학 셀 구조 (H-cell)를 이용한 이산화탄소
환원 반응 실험에서는 오직 용매에 녹아있는 낮은 농도의 이산화탄소만
반응에 참여할 수 있어 높은 이산화탄소 환원 전류를 달성함에 있어서
한계가

있었다.

이를

극복하기

위하여

기체

상태의

이산화탄소를

직접적으로 촉매 표면에 불어넣을 수 있는 막 전극 접합체(membrane
electrode assembly)를 이용하여 이산화탄소의 확산 거리를 줄여 높은
이산화탄소 환원 전류를 얻고자 하였다. 또한 막 전극 접합체에서
이산화탄소와 반응할 수 있는 니켈 단원자 활성 장소를 최대한 늘리기
위하여 실리카 나노 파티클을 지지체로 이용하여 3차원적인 기공
구조를 가진 탄소 기반 촉매를 합성하였다. 전자현미경 및 X선 흡스
분광법을 이용하여 이들 촉매 위에 존재하는 니켈 단원자 활성 장소의
구조를 확인할 수 있었으며 이들 촉매를 막 전극 접합체에 도입하여
전기화학적 측정에서 99%의 패러데이 효율과 함께 300 mA/cm2
이상의 높은 이산화탄소 전류를 달성하였다.
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