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Atomically dispersed metal and nitrogen co-doped
carbon (M-N/C) catalysts hold great promise for electrochemical
CO, conversion. However, there is a lack of cost-effective
synthesis approaches to meet the goal of economic mass
production of single-atom M-N/C with desirable carbon support
architecture for efficient CO, reduction. Herein, we report facile
transformation of commercial carbon nanotube (CNT) into
isolated Fe—N, sites anchored on carbon nanotube and graphene
nanoribbon (GNR) networks (Fe-N/CNT@GNR). The oxidiza-
tion-induced partial unzipping of CNT results in the generation
of GNR nanolayers attached to the remaining fibrous CNT
frameworks, which reticulates a hierarchically mesoporous
complex and thus enables a high electrochemical active surface
area and smooth mass transport. The Fe residues originating from CNT growth seeds serve as Fe sources to form isolated Fe—
N, moieties located at the CNT and GNR basal plane and edges with high intrinsic capability of activating CO, and
suppressing hydrogen evolution. The Fe-N/CNT@GNR delivers a stable CO Faradaic efficiency of 96% with a partial current
density of 22.6 mA cm ™2 at a low overpotential of 650 mV, making it one of the most active M-N/C catalysts reported. This
work presents an effective strategy to fabricate advanced atomistic catalysts and highlights the key roles of support architecture
in single-atom electrocatalysis.
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he increasing emissions of CO, from the consumption CO,RR catalysts with high CO,-to-CO selectivity but have the
of fossil fuel have caused concerns on global climate inherent drawbacks of prohibitive cost and scarcity.6’7
Extensive efforts have been devoted to developing efficient
electrocatalysts made of earth-abundant elements for CO,RR,
especially atomically dispersed metal and nitrogen co-doped
carbon (M-N/C) catalysts.””'® By virtue of maximum atom
utilization and unfavorable hydrogen chemisorption on single-

s atom metals coordinated with nitrogen (M—N,) sites, ¥ 141718
demand.”” However, CO, reduction reaction (CO,RR) suffers M-N/C holds great promise to maximize the efficiency and
from not only the sluggish kinetics, sophisticated reaction

change and motivated the development of clean energy
technologies. Electrochemical CO, conversion into value-added
fuels or chemicals under ambient conditions presents a
promising approach to mitigate net CO, emissions and alleviate
the dependence on petrochemicals to meet the energy

pathways with uncontrolled product selectivity, but also December 8 2019
inevitable competition over the hydrogen evolution reaction April 24, 2020
(HER)."*~° These limitations hinder the industrial application April 24, 2020

of CO, electrolysis, which is thus eventually contingent upon the
development of highly active and selective CO,RR electro-
catalysts. Currently, noble metals Au and Ag are state-of-the-art
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Figure 1. (a) Schematic illustration of transforming multiwalled CNTs into Fe-N/CNT@GNR. (b) Structural evolution from CNTs to CNT@
GNR to GNR by adjusting KMnO,:CNT mass ratios. TEM images for Fe-N/CNT (c), Fe-N/CNT@GNR-1 (d), Fe-N/CNT@GNR-2 (e), Fe-
N/CNT@GNR-3 (f), and Fe-N/GNR (g). Scale bar in c1—gl is 100 nm, and scale bar in ¢2—g2 is 10 nm.

selectivity for CO, reduction while suppressing undesired HER.
Previous approaches to prepare isolated M-N/C include atomic
layer deposition,'” carbonization of doped metal—organic
frameworks (MOFs),”*”*" adsorption-assisted surface immobi-
lization,"”**** and confined pyrolysis strategy.”"*> However,
these methods either face difficulty in scaling up or involve
multistep complicated processes and use of expensive
precursors, making them impractical for mass production. The
challenges drive the exploration of simple and economic
methods to fabricate monodispersed M-N/C for the large-
scale commercialization of CO, electrolysis.

Besides the synthesis of isolated M—N, moieties, the
architecture of carbon supports also plays a key role in governing
the performance of M-N/C, as it determines the accessibility of
active sites and mass transport.”® Graphene and carbon
nanotubes are the most extensively used supports in M-N/C
for electrochemical reactions. Although traditional graphene-
based M-N/C could provide dense M—N, sites throughout the
carbon layer, the electrochemical active area at the gas/solid/
liquid three-phase interface is commonly insufficient because
two-dimensional (2D) ultrathin graphene nanosheets easily
tend to stack due to the strong m—x interaction between
interlayers.”” The agglomeration also results in poor mass
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delivery owing to the lack of porous channels.”® Using carbon
nanotubes can afford highly porous networks to enable efficient
mass transfer.””*° The key drawback, however, is the low density
of available M—N, sites since only the M—N, anchored on the
outermost walls are believed to be able to reach reactants, while
the M—N, confined in the inner walls of carbon nanotubes is not
accessible for reactions. Thus, there is a considerable need in
developing facile, cost-effective, and scalable approaches to
fabricate M-N/C with favorable carbon architecture decorated
with atomically dispersed M—N, sites to enable high-efficiency
CO, reduction.

Herein, we report a facile and massive synthesis of single-atom
iron catalysts to drive CO, reduction through transforming
commercial carbon nanotubes into atomically dispersed Fe—N,,
sites supported on hierarchical carbon nanotube (CNT) and
graphene nanoribbon (GNR) networks (Fe-N/CNT@GNR).
We selected commercially available multiwalled CNT's prepared
by catalytic chemical vapor deposition as the starting materials,
in which Fe residues can be directly used to grow Fe—N, species
without adding a supernumerary Fe source. The chemical
unzipping of the CNTs generates the GNR nanolayers
intimately attached on the outer walls of the CNTs, and the
subsequent N doping leads to the formation of atomically
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Figure 2. (a) BET surface area, (b) pore volumes, (c) pore size distribution, (d) N 1s XPS spectra, and (e) percentages of N species for Fe-N/

CNT, Fe-N/CNT@GNR, and Fe-N/GNR.

dispersed Fe coordinated with N (Fe—N,). In this architecture,
the CNTs act as a fibrous skeleton to anchor the GNRs and
hinder their aggregation, which also forms the mesoporous
channels for smooth mass diffusion. The hybrid structure
enables the hosting of monodispersed Fe—N, on the CNT and
GNR basal plane and edges as accessible active and selective
centers to boost CO, activation and suppress HER, as revealed
by density functional theory (DFT) computations. By virtue of
these favorable carbon support structures and the high intrinsic
reactivity of isolated Fe sites, Fe-N/CNT@GNR exhibited
enhanced performance for the reduction of CO, to CO, which is
placed at the top level among M-N/C catalysts reported.

RESULTS AND DISCUSSION

To synthesize Fe-N/CNT@GNR, the CNTs were first oxidized
in a KMnO,/H,SO, solution, during which the CNTs were
unzipped longitudinally owing to the weakening and breaking of
C—C bonds by oxygen-group-created defects (Figure 1a),”' ="
leading to the formation of O/CNT@GNR with Fe impurities
(Figures S1—S3). The subsequent N doping via heating O/
CNT@GNR with urea resulted in the final Fe-N/CNT@GNR
catalyst. We found that 900 °C was the optimal heating
temperature to obtain the best catalyst for CO, reduction
(Figure S4). The structure evolution from CNT to CNT@GNR
and GNR can be readily controlled (Figure 1b). Specifically, the
CNTs cannot be unzipped without adding KMnO,, (Figure S2),
and the catalyst was labeled as Fe-N/CNT. The unzipping of
CNTs occurs with the addition of KMnO, as oxidant, and the
degree of consecutive tube opening can be tuned by adjusting
the amount of KMnO,. The corresponding catalysts were
denoted as Fe-N/CNT@GNR-x, where x refers to the mass
ratio of KMnO,:CNT and varies from 1 to 3. When x was
increased to 4, the CNTs were completely converted into the
GNRs, with the catalyst being named as Fe-N/GNR. Using this
approach, we can achieve the gram-scale synthesis of atomic Fe-
N/CNT@GNR (Figure S5). Itis expected that the synthesis can
be further scaled to the industry level utilizing large-size utensils
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and mechanical equipment, such as ball milling to mix urea with
O/CNT@GNR.

Transmission electron microscope (TEM) images show the
structural evolution during the oxidizing process. Compared to
the tubular feature of Fe-N/CNT (Figure 1c), Fe-N/CNT@
GNR exhibited ribbon-like graphene nanosheets with an
interlayer distance of 0.34 nm closely attached on the remaining
CNTs backbones (Figure 1d—f). The size of the GNRs
gradually becomes larger with increasing KMnO, amount,
whereas the diameter of the remaining CNTs decreases (Figure
S6). In the case of Fe-N/GNR, CNTs were fully unzipped,
displaying a typical few-layer graphene feature without any
residual CNT (Figure 1g). The damage of multiwalled CNTs
can be further monitored from the decreased intensity of the
(002) peak at 26° in the X-ray diffraction (XRD) patterns
(Figure S7), suggesting a gradually disordered arrangement of
carbon layers from the CNT matrix to exfoliated GNRs. On the
other hand, the metallic Fe and Fe;C exist in Fe-N/CNT but
disappear in Fe-N/CNT@GNR and Fe-N/GNR. This can be
attributed to the structure disruption of CNTs caused by the
strong oxidization, which enhances the exposure of Fe-based
particle residues to the acid solution and thus facilitates their
elimination.

N, adsorption—desorption analyses reveal that the Bruna-
uer—Emmett—Teller (BET) surface area gradually increases
from 104 m* ¢! on Fe-N/CNT to 224 m*g~' on Fe-N/CNT@
GNR-2 and 299 m* g~' on Fe-N/GNR (Figure 2a), which can
be ascribed to the generation of external graphitic nanosheets. In
addition, we found the pore volume first increases from 0.22 cm®
g_1 on Fe-N/CNT to 0.62 cm? g_1 on Fe-N/CNT@GNR-2 and
then decreases to 0.55 cm® g~' on Fe-N/GNR (Figure 2b). The
pore distribution clearly demonstrates that large mesopores at
around 10—30 nm were formed in Fe-N/CNT@GNR, which,
however, were not observed in Fe-N/CNT and Fe-N/GNR
(Figure 2c). These observations confirm the evolution of large-
size mesopores in the CNT@GNR complex by coupling CNTs
with GNRs, and the disappearance of mesopores in Fe-N/GNR
might be as a consequence of the stacking of GNRs due to the
loss of CNT mainstays as spacers (Figure 1b). We further

https://dx.doi.org/10.1021/acsnano.9b09658
ACS Nano 2020, 14, 5506—5516


http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b09658/suppl_file/nn9b09658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b09658/suppl_file/nn9b09658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b09658/suppl_file/nn9b09658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b09658/suppl_file/nn9b09658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b09658/suppl_file/nn9b09658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b09658/suppl_file/nn9b09658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b09658/suppl_file/nn9b09658_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.9b09658?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.9b09658?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.9b09658?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.9b09658?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.9b09658?ref=pdf

ACS Nano

WwWw.acsnano.org

S CNT
d15 € 7] FeFeify —Fenontan | f T o Fe-NICNT@GNR
61 i —Fit

61'2' i === Window
=1 54
x

0.9+ hj
064 — Fe-N/CNT T 3l
g ’ —Fe-N/CNT@GNR =
o —Fe Foil 21
Z0.31 —Fe,05 1]

—FeO
0.0 . . . 0 T , T —— ; , T T ,
7100 7120 7140 7160 0 1 2 3 4 5 0 1 2 3 L4 5
Energy / eV Radial Distance / A Radial Distance / A

Figure 3. (a,b) HAADF-STEM and (c) elemental mapping images of Fe-N/CNT@GNR-2. Scale bars in a, b, and c are 2 nm. (d) XANES and (e)
Fourier transformation of the EXAFS spectra of Fe-N/CNT, Fe-N/CNT@GNR-2, and standard references. (f) Fitting of Fourier
transformations of EXAFS spectra for Fe-N/CNT@GNR-2 including magnitude (top) and imaginary (bottom) parts.

measured double-layer capacity (Cy) at the electrode/electro-
lyte interface (Figure S8), which refers to electrochemical active
surface areas (ECSA).”* We found that the Cy shows a similar
increasing tendency with the pore volume and BET surface area
when the KMnO,:CNT mass ratio is lower than 3 (Figure 2a,b);
however, the Cy decreases accompanied by the decline in pore
volume when the KMnO,:CNT mass ratio is larger than 3,
despite the surface area still increasing. The results indicate that
the mesopores significantly contribute to the increase in the
effective active area at the interface of the solid catalyst and
liquid electrolyte, which can be explained by Sung’s discovery
that the mesopores serve as channels for the reaction medium to
electrolyte wetting of the catalyst surface.”® Accordingly, Fe-N/
CNT@GNR-2 exhibited a larger Cy than Fe-N/CNT and Fe-
N/GNR, making it a promising architecture with enhanced
accessibility of surface sites for electrocatalytic reactions.

The surface N content, measured by X-ray photoelectron
spectroscopy (XPS), presents a positive linear tendency as a
function of C—0:C ratio in O/CNT@GNR, increasing from
0.86 at. % on Fe-N/CNT to 2.80 at. % on Fe-N/CNT@GNR-2
and to 4.47 at. % on Fe-N/GNR (Figure S9, Table S1). This
implies that the N doping process underwent a reaction between
N-containing reactive gases from urea thermolysis and C—0O/
C=O0 groups on O/CNT@GNR (Figure $10).*° By
deconvoluting N 1s spectra (Figure 2d), five kinds of N species
can be identified, including pyridinic N (398.2 eV), Fe—N
(399.5 eV), pyrrolic N (400.3 eV), graphitic N (401.2 eV), and
N-oxides (403.7 eV).”>*"*" Notably, the percentages of the
edge-located pyridinic N and pyrrolic N gradually decrease upon
increasing of the opening degree of the CNT,* whereas the
portion of the bulk-hosted graphitic N increases (Figure 2e).
This tendency further confirms the exposure of more graphene
basal plane with the increase in the tearing of CNTs by
introducing more KMnO,, supporting the TEM observation
(Figure lc—g) that the CNT is controllably unzipped into
CNT@GNR and finally GNR by adjusting the KMnO, amount.

The isolated dispersion of Fe atoms was revealed by high-
angle annular dark-field aberration-corrected scanning trans-
mission electron microscopy (HAADF-STEM). As shown in
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Figure 3a,b, bright dots corresponding to Fe atoms dispersed
throughout GNRs and CNTs were clearly observed. The
elemental mapping images demonstrate the dense distribution
of N, while Fe is sparsely dispersed (Figure 3c), consistent with
the STEM images. To unravel the local arrangements of Fe
atoms, X-ray absorption spectroscopy (XAS) was performed on
Fe-N/CNT and Fe-N/CNT@GNR-2, in which Fe foil, Fe,0;,
FeO, and iron phthalocyanine (FePc) were used as standard
references. As shown in X-ray absorption near edge structure
(XANES) spectra (Figure 3d), the adsorption edge profile (line
position) of Fe-N/CNT is in between Fe foil and FeO. This
suggests that Fe may have an oxidization state between 0 and 2+,
probably due to the formation of Fe;C, in agreement with the
XRD observation. As for Fe-N/CNT@GNR-2, the edge-
position profile is situated between Fe foil and Fe,O; but
much closer to FeO; thus it is more likely that the Fe atoms have
a positive charge dominantly at 2+.*' Note that the presence of
both 2+ and 3+ in Fe 2p XPS spectra might be due to the surface
oxidization when the catalyst was exposed to air (Figure S11),
and no other metals (e.g, Co, Ni, and Mn) were detected.
Furthermore, extended X-ray absorption fine structure
(EXAFS) was analyzed to uncover the coordination environ-
ment of Fe atoms. As depicted in Figure 3e and Figure S12, Fe-
N/CNT showed an obvious peak at 2.1 A, which is assigned to
the Fe—Fe bond. Notably, Fe-N/CNT@GNR-2 exhibited a
single peak at 1.4S A, which corresponds to the bond length of
Fe—N in FePc and Fe—O in Fe,O;. Note that there is a minor
peak around 2.5 A in Fe-N/CNT@GNR-2, which is similar to
the standard reference FePc and can be attributed to the
backscattering from carbon atoms.”* The absence of the Fe—Fe
signal further verifies the monodispersed nature of Fe atoms in
Fe-N/CNT@GNR-2.

We further fitted EXAFS to obtain quantitative structural
parameters of Fe (Figure 3f). The best-fitting results show that
the coordination number of Fe is five with a bond length of 1.97
A in Fe-N/CNT@GNR-2 (Table S2). According to the
previous structural identification in the literature,”** it is
more likely that one Fe atom bonds with four N atoms in the
carbon matrix and one end-on adsorbed oxygen molecule. The
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Figure 4. (a) LSV curves acquired in Ar- and CO,-saturated 0.1 M KHCO;. (b) CO Faradaic efficiency and (c) CO partial current density on
various catalysts in 0.1 M KHCOj. (d) Correlation between CO partial current density and double-layer capacity. (e) Current density and CO
Faradaic efficiency in 0.1, 0.5, and 1.0 M KHCO; solution at —0.76 V. (f) Stability in the various electrolyte conditions at —0.76 V.

actual Fe content, detected by inductively coupled plasma mass
spectrometry (ICP-MS), is 6.98 wt % in Fe-N/CNT, which
decreases to 1.75 wt % in Fe-N/CNT@GNR-2 and 1.72 wt % in
Fe-N/GNR due to the loss of Fe-based aggregates. Note that the
surface Fe content on Fe-N/CNT is lower compared to others
(Table S1), which, however, almost remains at the same level
when KMnO, was used to unzip CNTs. This highlights the
critical role of the strong oxidization process in leaching Fe
particles and forming the uniform dispersion of Fe atoms
throughout the surface of catalysts.

The electrocatalytic CO,RR properties were evaluated in a
three-electrode H-cell. The identification of reaction products
after stable electrolysis shows that CO and H, are detectable
gaseous species by gas chromatography (GC), accounting for a
total Faradaic efficiency (FE) around 99% (Figure S13, Figure
S14); no C, products (such as ethylene, ethanol, acetic acid)
were observed by both GC and 'H NMR (Figure S15). This
phenomenon is consistent with the reported findings that CO is
the dominant product on single-atom Fe—N sites (Table
$3).** In the CO,RR process, it has been widely accepted that
the pathway to C, products undergoes the formation of an
adsorbed *CO intermediate and the subsequent C—C coupling
via the dimerization of *CO, as observed on copper-based
metals and oxide catalysts.*”** In the case of a single-atom Fe—
N site, despite that adsorbed *CO can be generated, it cannot
catalyze CO dimerization to form a C—C bond, thus leading to
the formation of CO as the main final product.

In comparison to linear sweep voltammetry (LSV) curves
recorded in the Ar-saturated 0.1 M KHCO; solution, the
significant increase in current density in the CO,-saturated
solution suggests the occurrence of CO, reduction (Figure 4a).
The CO FEs at different potentials are depicted in Figure 4b and
Figure S16, showing good repeatability. Fe-N/CNT@GNR-2
showed CO FEs above 90% at a wide potential range of —0.5 to
—0.95 V; the highest FE of 98% was achieved at —0.76 V. In
contrast, Fe-N/CNT and Fe-N/GNR exhibited the maximum
CO FEs of 82% and 92%, respectively, at —0.76 V, lower than
that of Fe-N/CNT@GNR-2. Furthermore, the CO partial
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currents are highly dependent on the structure of the catalysts,
following the order Fe-N/CNT < Fe-N/CNT@GNR-1 < Fe-
N/GNR < Fe-N/CNT@GNR-3 < Fe-N/CNT@GNR-2
(Figure 4c). The best-performing Fe-N/CNT@GNR-2 deliv-
ered CO currents from 0.1 to 28.3 mA cm™ in the potential
range from —0.3 to —0.96 V. When plotting CO currents as a
function of Cy for various catalysts, it shows a roughly linear
relationship (Figure 4d). This demonstrates that the integrated
architecture of the CNT and GNR complex supplies more
available Fe sites for CO, reduction than the CNT and GNR
supports, as evidenced by the structure-dependent active surface
area (Figure 2a,b). Tafel plot analyses present that all catalysts
possessed similar Tafel slopes around 118 mV dec™ (Figure
S17), implying that the reduction of CO, to CO proceeds
through the formation of COOH* as the rate-limiting step.”’
We further tested CO,RR activity in varied concentrations of
KHCO;j electrolytes. As shown in Figure 4e and Figure S18, the
maximum CO FE decreases from 98% to 96% and 91% in the
0.1, 0.5, and 1 M KHCOj solutions at —0.76 V, while the
corresponding total current density increases from 10.7 to 23.8
and 30.5 mA cm™ respectively. This demonstrates that the
HCO;™ concentration greatly influences the efficiency of
electrochemical CO, reduction.®® The enhancement in CO
currents and decline in CO FEs might be due to the enhanced
interfacial CO, concentration and more favorable HER kinetics
in the higher concentrated KHCO; media.*>*’ Accordingly, Fe-
N/CNT@GNR-2 achieved a CO current of 22.6 mA cm™> with
a CO FE of more than 95% at —0.76 V. Because the single-atom
Fe site is considered as the catalytic center for CO,RR,'*** we
further sought to improve CO,RR activity by adding a
supernumerary Fe source. However, the catalyst decorated
with additional 5 wt % Fe showed much poorer CO FEs as
compared to the pristine one, especially at more negative
potential ranges (Figure S19a). The EXAFS result suggests that
Fe-based particles were formed when adding additional 5 wt %
Fe in Fe-N/CNT@GNR (Figure S19b), which explains the
poor CO selectivity since Fe-based particles are highly active for
hydrogen evolution instead of CO, reduction.”® The results
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suggest that Fe-N/CNT@GNR could not stabilize additional Fe
atoms to make them atomically dispersed on the CNT@GNR
support, probably owing to the limited anchoring sites (defects,
N dopants)."” This is different from a previous work that
reported the synthesis of a very high amount of single-atom Ni
(20 wt %) on CNTs by pyrolyzing the mixture of Ni, N, and C
precursors,” in which the formation of single Ni was
accompanied by the growth of CNT simultaneously. Note
that, although Fe-N/CNT@GNR possessed a relatively low Fe
amount (1.75 wt %), it showed a top-level CO,RR performance
in the Fe-N/C community (Table S4), which is even
comparable to the state-of-the-art Ni-N/C and Co-N/C, further
highlighting the significance of the CNT@GNR network
architecture in CO,RR electrocatalysis.

Stability is another key factor determining the feasibility for
practical application. Herein, Fe-N/CNT@GNR-2 can preserve
the electrochemical performance in both currents and CO FEs
during S h continuous CO, reduction (Figure 4f), indicating
enhanced durability. After long-term electrolysis, the spent
catalyst was characterized. The TEM image and XRD pattern
show that the spent catalyst preserved its original morphology
and carbon crystallinity (Figure S20). The HAADF-STEM
image further confirms the dispersion of isolated Fe atoms
(Figure Sa), and elemental mapping images demonstrate the
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Figure S. (a) HAADF-STEM and (b) EDS mapping images of Fe-N/
CNT@GNR-2 after CO, reduction in 0.1 M KHCO;. (c) XANES
spectra of Fe-N/CNT@GNR-2 before and after CO, reduction. (e)
Fourier transformation of EXAFS spectra for spent Fe-N/CNT@
GNR-2.

existence of N and Fe species in the carbon matrix (Figure Sb).
We further carried out XAS to probe the changes in the chemical
states and coordination environment of Fe. XANES spectra
show that there was a slight shift to lower energy after
electrolysis (Figure Sc), suggesting that no significant change in
the Fe oxidization state happened during the CO,RR process. In
a previous study by Hu et al,,* it was discovered that Fe** could
be reduced to Fe®" at an applied potential more negative than
—0.55 V vs RHE, which potentially makes Fe-N/C catalysts
unstable. In the case of our Fe-N/CNT@GNR, the Fe
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oxidization state is mostly 2+, as confirmed by XANES (Figure
3d), which might be the reason for the enhanced stability
observed here. In addition, the fitting of EXAFS indicates the
retention of Fe—N, structure (Figure 5d). A similar phenom-
enon has been observed on atomically dispersed Ni—N,
catalysts for CO, reduction.”>* The enhanced stability of the
Fe—N, structure can be ascribed to the strong interaction
between Fe atoms with coordinated N atoms and the carbon
support, which growdes stabilizing effects to anchor single-atom
Fe—N, species.””>"*> However, extensive efforts are still highly
needed to explore the underlying stability mechanisms for Fe-
N/C catalysts in future research.

In M-N/C, there exist both N dopants and M—N,, species.
Previous findings show that “metal-free” N-doped carbon (N-C)
materials are active for reducing CO, to CO, and active sites in
N-C are considered to be pyridinic N, pyrrolic N, and graphitic
N.>*7>° However, N-C commonly exhibits much poorer
performance (low FE and small partial current density) than
counterparts of single-atom M-N/C (Table SS). These reported
results strongly suggest that single-atom M—N, species in M-N/
C function as the key, highly eflicient catalytic sites in CO,RR,
and N dopants make a minor contribution to CO,RR. To
further reveal the roles of N and Fe in Fe-N/C for CO,RR, we
prepared four representative catalysts using the graphene oxide
as the starting material via a similar approach (Figure S21),
including Fe-N/C, N-C, N-free Fe-containing carbon (Fe-C),
and Fe,N-free carbon (C). Fe-N/C showed a maximum CO FE
of 80% and a partial current density of 2.1 mA cm™ at an
overpotential of 470 mV, which are significantly higher than
those of Fe-free N-C (55%, 0.41 mA cm™2) at the same
overpotential. Also, it was found that N-free Fe-C and Fe,N-free
C exhibited CO FEs less than 1% and partial current density
below 0.01 mA cm™ in the whole potential range, but produced
H, instead. Similarly, the N-free Fe-containing CNT is inactive
for CO,RR too (Figure S1d), indicating the inert nature of
pristine carbon toward CO,RR and the necessity of introducing
N and Fe to transform pristine carbon to CO,RR-active
catalysts. It can be thus concluded that both Fe and N are
imperative for developing high-performance carbon-based
catalysts for CO,RR. The main role of N is to create N dopants
and Fe—N as catalytic species, and Fe—N serves as the principal
active site with significantly more enhanced intrinsic reactivity
than N dopants for reducing CO, to CO.

To gain further mechanistic insight into the catalytic nature of
Fe—N, moieties, DFT calculations were performed. In our
experiments, the typical catalysts studied are Fe-N/CNT, Fe-N/
CNT@GNR, and Fe-N/GNR. In Fe-N/CNT, it only has a
CNT framework to host atomic Fe—N, sites. In Fe-N/CNT@
GNR, it has four locations to host Fe—N, sites, including the
CNT, the GNR bulk plane, GNR armchair edges, and GNR
zigzag edges (Figure 6a). In Fe-N/GNR, it has three locations to
host Fe—N, sites, namely, the GNR bulk plane, GNR armchair
edges, and GNR zigzag edges. Therefore, we proposed four
models of CNT-Fe—N,, GNR bulk-Fe—N,, GNR armchair-Fe—
N,, and GNR zigzag-Fe—N, moieties in DFT calculations
(Figure S22), which covers all possible active sites in the
experimental catalysts.

Assuming that the CO,RR pathway is a two-step proton-
coupled electron transfer process including the formation of
intermediates *COOH and *CO and desorption of CO, the Fe
atom of the Fe—N, complex is regarded as the adsorption site to
bind the intermediates.'”*®*” The optimized adsorption
configurations for *COOH and *CO are shown in Figure 6b

https://dx.doi.org/10.1021/acsnano.9b09658
ACS Nano 2020, 14, 5506—5516


http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b09658/suppl_file/nn9b09658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b09658/suppl_file/nn9b09658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b09658/suppl_file/nn9b09658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b09658/suppl_file/nn9b09658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b09658/suppl_file/nn9b09658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b09658/suppl_file/nn9b09658_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.9b09658?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.9b09658?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.9b09658?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.9b09658?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.9b09658?ref=pdf

ACS Nano

WwWw.acsnano.org

a b

GNR bulk

O

o, Sl
A

GNR
zigzag

¢ — d —_— ﬁ 0.3
03 . 0.6 — £ -
> < /— > ] Y 4
® < ! 2 i % 8
5 00— - i 5041 \ > 021
E % :’? 2 4 gv
[ 7 " 3
0031 —cNT-FeN, % I o E § z
o — Bulk-Fe-N4 ",':,' 7 0 0.21 ““CNT-Fe-N4 § 204
W 964 —Armchair-Fe-Ng H w +—Bulk-Fe-N4 )
06 —Zirgn;:;gej\jé : "'.l=,"‘ F—Armchair-Fe-N 8
\ / 0.0 - /=—Zigzag-Fe-N4 53
-0.9 0.0
*+CEOz+ *CQOH *CO+ *+CO OH 42" *HeH'+e “+H CNT-  Bulk- Armchair- Zigzag-
2H"+2e” +H'+e” H,0 +H,0 e e N FeN: FeNs FeNs FoNg

Figure 6. (a) Schematic showing location sites of Fe-N/CNT@GNR to host Fe—N, moieties. (b) Atomistic structure of the optimized
configurations of *COOH on different sites. (c) Free-energy profiles for CO,RR. (d) Free-energy profiles for HER. (e) Calculated limiting
potential difference between CO,RR and HER for various moieties. In the figure, the gray, blue, purple, and white balls represent C, N, Fe, and

H atoms, respectively.

and Figure $23. From the free energy evolution diagram (Figure
6¢), one can see that the CNT site shows a free energy barrier of
0.32 eV for the *COOH formation, lower than that of the GNR
zigzag (0.36 eV), GNR bulk (0.42 eV), and GNR armchair sites
(0.42 eV). Furthermore, the CO adsorption energy on both
armchair and zigzag edges is about 0.3 eV weaker than that on
the CNT and GNR bulk sites, suggesting an easier CO
desorption on the edge-located sites as compared to the CNT
and graphene basal plane sites. We also computed the free
energy evolution of the competitive hydrogen evolution to
gauge CO, reduction selectivity (Figure 6d). The difference
between the limiting potentials for CO, reduction and H,
evolution (U (CO,) — U.(H,)) was calculated, where a
positive Up(CO,) — Uy (H,) value corresponds to a good
selectivity of CO,RR.>® As shown in Figure 6e, all models exhibit
positive U (CO,) — U.(H,) values, indicating the enhanced
capability to suppress HER and thus favor CO, reduction on all
these proposed moieties. These theoretical findings manifest
that the local carbon structure plays a key role in determining the
catalytic nature of Fe—N, sites toward CO, reduction.

In the CO, reduction, there are two potential-related steps:
the formation of *COOH and *CO (Figure 6c). The formerisa
thermodynamically uphill process at 0 V, while the later is
thermodynamically downhill. Thus, the formation of *COOH is
the potential-limiting step in the CO, reduction process. The
theoretical limiting potential (U, ), corresponding to the onset
potential in the experiment, is the most positive potential to
overcome the free energy barrier and make all potential-related
steps downhill, such as —0.33 V on CNT-Fe—N,, (Figure S24).
Therefore, an ideal site for CO, reduction is expected to have a
low free energy barrier for *COOH formation for enabling a
positive limiting potential and thus a small overpotential. In
addition, a weak CO adsorption and a positive U (CO,) —
UL (H,) value are also necessary to afford a large production rate
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(partial current) and maintain a high FE for CO, reduction,

respectively. As for Fe-N/CNT, although the CNT-Fe—N; site

is good for CO, activation and HER suppression, the presence of
Fe particles may reduce the catalytic CO,RR activity and

selectivity since previous studies have demonstrated that

carbon-encapsulated iron nanoparticles favor hydrogen evolu-

tion over CO, reduction,***” which explains the most negative

onset potential (—0.5 V) and lowest CO FE (82%) on Fe-N/

CNT among the series catalysts. In the case of Fe-N/CNT@

GNR-2, it possessed monodispersed Fe—N, sites at both CNT
and GNR bulk and edges; the CNT and zigzag sites could
promote CO, activation, and the zigzag and armchair edges
could weaken CO adsorption. Together with the largest
electrochemical active area and sufficient mass transfer, Fe-N/
CNT@GNR-2 was thus able to deliver an improved CO,
reduction performance with the most positive onset potential
(=0.3V), highest CO FE (98%), and largest CO partial current
(22.6 mA cm ™2 at —0.76 V) than others. Regarding Fe-N/GNR,
it had the highest portion of the GNR bulk site with the
unfavorable *COOH formation/CO desorption and low
electrochemical active area, which collectively results in a
relatively poor CO,RR activity as compared to Fe-N/CNT@
GNR-2 but better than Fe-N/CNT (Figure 4b,c). As for Fe-N/
CNT@GNR-1, it has a structure closer to Fe-N/CNT due to
limited unzipping of CNT, whereas the structure of Fe-N/
CNT@GNR-3 is very analogous to Fe-N@GNR owing to the
absence of the majority of CNT. Because the CO,RR activity is
largely dependent on the structure of catalysts, it can be inferred
that the catalytic CO,RR behaviors of Fe-N/CNT@GNR-1
might be similar to that of Fe-N/CNT, while Fe-N/CNT@
GNR-3 performs very closely to Fe-N/GNR. Thereby, the
structure differences might result in the observed activity
tendency, following the order Fe-N/CNT@GNR-1 < Fe-N/
CNT@GNR-3 < Fe-N/CNT@GNR-2. All these findings
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highlight that both single-atom Fe sites and the carbon support
structure are of great importance in boosting CO, reduction,
which are suggested to be engineered collectively in order to
reach an enhanced CO,RR performance.

CONCLUSIONS

In summary, we demonstrated the facile transformation of
commercial CNTs into eflicient CO, reduction catalysts
featuring atomically dispersed Fe sites on hierarchical carbon
nanotube and graphene nanoribbon networks. The mesoporous
CNT@GNR architecture enables both a highly electrochemi-
cally active surface area and rapid mass transport. The
nanostructure also contains isolated Fe—N, centers supported
on the CNT and GNR basal plane and edge sites for CO,
activation with suppressed hydrogen evolution, as revealed by
DFT computations. Benefiting from the high intrinsic reactivity
and selectivity of atomic Fe—N, and optimal carbon
mesostructure, Fe-N/CNT@GNR exhibited improved activity
toward CO, reduction, achieving a stable CO FE of 96% and a
partial current of 22.6 mA cm > at —0.76 V vs RHE, one of the
highest results among reported activities on M-N/C catalysts.
This work suggests a viable method of synthesizing single-atom
metal catalysts directly from earth-abundant materials at a large
scale. Moreover, it reveals the significance of support structure in
governing the intrinsic reactivity and physical properties of
atomic catalysts.

METHODS

Catalysts Synthesis. Raw multiwalled CNTs (Cheap Tubes
Nanomaterials) were treated in concentrated HCI for 24 h for further
use. In a typical synthesis, CNTs (500 mg) were dispersed in
concentrated H,SO, (100 mL), sonicated for 1 h, and stirred for 4 h.
Then, a certain amount of KMnO, was slowly added and stirred for 1 h.
The mixture was heated in an oil bath at 55 °C for 30 min; the
temperature was further increased to 70 °C and kept there for 10 min.
After the mixture was cooled to room temperature, it was poured into
ice water (200 mL) containing 30 wt % H,0, (10 mL). The mixture
was centrifuged and washed with 15 wt % HCI five times and ethanol
two times and dried in a vacuum oven overnight. The structure
evolution was controlled by adjusting the KMnO,:CNTs mass ratio
from 0, 1, 2, 3, to 4, respectively, and the corresponding oxidized
samples were named O/CNT, O/CNT@GNR-1, O/CNT@GNR-2,
O/CNT@GNR-3, and O/GNR. Heating the mixture of oxidized
samples and urea with a mass ratio of 1:20 at 900 °C for 1 h generates
the final catalysts, named Fe-N/CNT, Fe-N/CNT@GNR-1, Fe-N/
CNT@GNR-2, Fe-N/CNT@GNR-3, and Fe-N/GNR. Among these
catalysts, Fe-N/CNT@GNR-2 showed the highest performance, which
thus refers to Fe-N/CNT@GNR.

Catalyst Characterization. HAADF-STEM (FEI 200 kV Titan
Themis), TEM (FEI Tecnai G2 F20 ST), XPS (Omicron), and XRD
(Bruker D8) were performed to characterize the morphology, structure,
and composition of as-prepared catalysts. Metal amounts were
determined by ICP-MS (PerkinElmer NexION 300D Quadrupole).
A Micromeritics ASAP 2420 physisorption analyzer was used to
conduct BET analyses. XAS was collected at the bending magnet
station, 12-BM at the Advanced Photon Source at Argonne National
Lab. Fluorescence data was collected at room temperature at the Fe K-
edge (7112 eV) using a 13-element germanium detector. Data were
processed and fitted using the Athena and Artemis programs as part of
the Demeter software package.

Electrochemical Measurements. CO,RR performance of cata-
lysts and control samples was measured using a three-electrode system
in a two-chamber cell separated by an ion exchange membrane (Nafion
115). The CO,-saturated KHCO; aqueous solutions (0.1, 0.5, and 1.0
M) were used as electrolytes. To prepare the working electrode, catalyst
powder (3 mg) was dispersed in a mixture solution of ethanol (370 L),
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DI water (200 uL), and 5% Nafion solution (30 L) under sonication
for 3 h. The ink was then dropped on a piece of carbon paper with a
mass loading of 0.8 mg cm™, which acts as the working electrode, and
was placed in the cathode chamber. An Ag/AgCl (3 M KCI) and a Pt
foil were used as the reference electrode and counter electrode, which
were placed in the cathode chamber and anode chamber, respectively.
The CO, was delivered to the cathode chamber at a flow rate of 34 mL
min~! for 1 h before electrolysis and was kept there during
measurements. The recorded potentials after iR compensation were
rescaled to the reversible hydrogen electrode (RHE). The concen-
tration of gaseous products was measured by an online gas
chromatograph (Fuel Cell GC-2014ATF, Shimadzu), which is
equipped with a methanizer-assisted flame ionization detector and a
thermal conductivity detector. "H NMR was employed to detect liquid-
phase products.

Faradaic efficiency of products was calculated based on the equation

zPFVy,
RTJ

FE =

where z is the number of transferred electrons, P is the pressure (1.01 X
10° Pa), F is the Faraday constant (96500 C mol™"), Vis the volumetric
flow rate of CO, (5.67 X 107" m>s™1), v; is the volumetric concentration
of gaseous product, R is the gas constant (8.314 J mol™' K™), T is the
room temperature (298.15 K), and J is the steady-state current.

DFT Calculations. The Vienna ab initio simulation package was
used to perform spin-polarized DFT calculations. The core electrons
were described by a projector augmented wave pseudopotential. To
expand the wave functions, the cutoff energy was set to 400 eV. The
electronic exchange and correlation were described by the generalized
gradient approximation of the Perdew—Burke—Ernzernhof functionals.
Four Fe—N, moieties with different carbon structure were proposed as
CO,RR active sites. Specifically, a (5,5) SWCNT was used to model the
CNT-Fe—N; site, a periodic graphene layer with 64 carbon atoms was
used to model the GNR bulk-Fe—N,, a H-terminated graphene ribbon
with 64 carbon atoms was used to model the GNR armchair-Fe—N,
site, and a H-terminated graphene ribbon with 60 carbon atoms was
used to model the GNR zigzag-Fe—N, site. The 1 X 1 X 5,3 X3 X 1,1X
3x1,3X1X1,and 1 X 3 X 1 Monkhorst-pack k-point meshes were
employed to sample the Brillouin zone for the CNT and GNR bulk,
GNR armchair, and GNR zigzag active sites, respectively. The
optimization of atomic positions was carried out until the force fell
below 0.01 eV/A.

The free energy of CO,RR was calculated by the equation below:

AG = AEpg; + AE,p, + AE,, + AH — TAS

solv

where AEpgr, AE;pg, AE,, AH, and AS are the energy change, zero-
point energy correction, solvation energy correction, reaction enthalpy
change, and reaction entropy change. The solvation corrections for the
stabilization of ¥*COOH and *CO were 0.25 and 0.1 eV, respectively.
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