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The selective two-electron electrochemical oxygen reduction reaction
(ORR) for hydrogen peroxide (H,O,) production is a promising and
green alternative method to the current energy-intensive anthraquinone
process used in industry. In this study, we develop a single-atom catalyst
(CNT-D-O-Fe) by anchoring defect-stabilized and oxygen-coordinated
iron atomic sites (Fe—O,4) onto porous carbon nanotubes using a local
etching strategy. Compared to O-doped CNTs with vacancy defects
(CNT-D-0) and oxygen-coordinated Fe single-atom site modifying
CNTs without a porous structure (CNT-O-Fe), CNT-D-O-Fe exhibits
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New concepts

The production of hydrogen peroxide (H,O,) through the electrocatalytic
oxygen reduction reaction (ORR) requires catalytic materials with robust
catalytic activity and high two-electron selectivity. The micro-environments of
the catalytic sites play a crucial role in determining the catalytic performance.
In this study, we present a novel approach to construct a unique oxygen-
coordinated iron single-atom site (Fe-O,) modified with vacancy defects on
carbon nanotubes (CNT-D-O-Fe) using iron oxide-induced local etching. The
oxygen-coordinated environment enhances the two-electron intrinsic reactivity
for iron single-atom sites, while the vacancy defects greatly improve the
electrocatalytic stability. As a result, CNT-D-O-Fe exhibits exceptional H,0O,
selectivity, kinetic current density, and durable stability. Theoretical
calculations further reveal that the oxygen-coordinated environment and the
defective moiety of CNT-D-O-Fe efficiently optimize the adsorption strength of
the *OOH intermediate over the Fe single atomic active sites. This work
provides an in-depth understanding of the effects of the microenvironmental
structure on the reaction path and catalytic performance. The unique local
coordinated environment regulation concept at the atomic scale paves a new
way for the design of highly efficient transition-metal single-atom catalysts.

the highest H,O, selectivity of 94.4% with a kinetic current density of
13.4 mA cm 2. Fe—0O, single-atom sites in the catalyst probably con-
tribute to the intrinsic reactivity for the two-electron transfer process
while vacancy defects greatly enhance the electrocatalytic stability.
Theoretical calculations further support that the coordinated environ-
ment and defective moiety in CNT-D-O-Fe could efficiently optimize
the adsorption strength of the *OOH intermediate over the Fe single
atomic active sites. This contribution sheds light on the potential of
defect-stabilized and oxygen-coordinated single-atom metal sites as a
promising avenue for the rational design of highly efficient and selective
catalysts towards various electrocatalytic reactions.

Introduction

With the rapid growth of the economy, the demand for hydro-
gen peroxide (H,0,) has been increasing significantly in various
industries, such as bleaching, chemical synthesis, wastewater

This journal is © The Royal Society of Chemistry 2023
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treatment, and disinfection, with an expected need of 6 million
tons by 2024.'7% However, the current industrial H,O, production
primarily relies on the anthraquinone process, which is asso-
ciated with inherent drawbacks, especially high energy consump-
tion, which hinders green and sustainable development.*®
Therefore, it is crucial to explore eco-friendly and efficient alter-
native approaches for H,O, production. The electrocatalytic oxy-
gen reduction reaction (ORR), powered by renewable energy,
provides an attractive H,O, synthetic strategy through a two-
electron reaction pathway. However, the ORR involves complex
0-0 bond cleavage mechanisms, resulting in blend products of
H,0, or H,0 together with a slow kinetic rate.® Thus, it is vital to
design efficient catalysts to improve the selectivity and activity of
H,0, electrosynthesis. The intrinsic performance is determined
by the electronic structure of active sites, which influences the
adsorption strength and activation state of reactants and inter-
mediates during the electrocatalysis process.” ™ In particular, the
optimal binding energy between the reaction intermediate
(*OOH) and active sites can promote the preservation of the
0-0 bond to inhibit over-reduction and the formation of H,0.'4*#
Therefore, the rational modulation of the electronic structure
enables efficient activity and high H,0, selectivity of the active
sites."®

Single-atom catalysts (SACs) offer remarkable advantages,
including greatly increased atomic utilization and highly tunable
electronic structures compared with bulk and nanocatalysts.” >
Specifically, the electronic structure of carbon-supported and
nonmetallic heteroatom-coordinated metal-based SACs (such as
a metal-nitrogen-carbon structure) can be tailor-tuned via
a series of achievable strategies such as the adjustment of
coordination environments, metal centers, and the density of
the single atomic sites, with the aim of improving the catalytic
performance.**'*?** Although some studies have confirmed that
Fe-N-C SACs display efficient catalytic activity for the ORR, the
catalytic reaction pathway mainly focuses on the four-electron
reduction process producing H,O rather than H,0,.>>*”° Given
this, the regulation of the micro-environment of Fe single-atom
sites, such as nonmetallic coordination sites and the structure of
the carbon substrate can be utilized to alter the reduction path
and thus selectivity, while understanding the effects of the
coordinated environment on the ORR activity of Fe single-atom
sites is still lacking.

Herein, the oxygen-coordinated Fe single atomic site modifying
multiwalled carbon nanotubes (CNTs) with abundant vacancy
defects (CNT-D-O-Fe) is achieved by a local etching strategy,
exhibiting the desired ORR catalytic performance. Meanwhile,
the ORR catalytic activity, stability, and H,O, selectivity of CNT-
D-O-Fe greatly surpass those of O-doped CNTs with vacancy defects
(CNT-D-O) and oxygen-coordinated Fe single-atom site modifying
CNTs without porous structures (CNT-O-Fe). Density functional
theory (DFT) calculations further reveal that synergistic effects
between the oxygen-coordinated environment and vacancy defects
substantially improve the adsorption strength of the *OOH
intermediate at the Fe single-atom active sites to enhance
the two-electron ORR catalytic activity. This work provides an
in-depth understanding of the effects of the coordination
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environment and vacancy defects on the reaction path and
catalytic activity of the metal single-atom sites, which would
benefit the precise design of single-atom catalysts with predictable
performance.

Results and discussion
Materials synthesis and characterization

As shown in Fig. 1, the oxygen-coordinated iron single-atom sites
(Fe-O,4) are anchored on the vacancy defect-rich CNTs (CNT-D-O-
Fe) via a distinctive iron oxide-induced local etching strategy.
Before the etching treatment, the pore-forming reagents (iron-
based compounds) are evenly loaded on the CNTs with a smooth
surface (Fig. 2a) to obtain the CNT-Fe-OH (Fig. S1, ESIt). After
high-temperature etching, the generated sample displays abun-
dant porous structures (Fig. S2, ESIT) and iron-based compounds
transform into Fe,O; nanoparticles according to the XRD pattern
in Fig. S3 (ESIT). Then CNT-D-O-Fe is obtained via further acid
treatment to thoroughly remove the residual Fe,O;. The thermal
gravity (TG) and differential thermal gravity (DTG) curves in
Fig. S4 (ESIt) show that the carbon species in CNT-Fe-OH start
to break down at ca. 470 °C and the weight decreases rapidly at
ca. 565 °C. The corresponding temperatures of the original CNT
(ca. 510 °C and ca. 603 °C, respectively) are significantly higher
than CNT-Fe-OH. Therefore, the local carbon species in CNT-Fe-
OH lose high thermal stability due to the induction of iron-based
compounds, which facilitates the formation of defect structures
in the obtained CNT-D-O-Fe.

Differing from the CNT with a smooth surface (Fig. 2a), CNT-
D-O-Fe based on the optimal preparation conditions demon-
strates abundant defective structures over the CNT (Fig. 2b and
Fig. S5, ESIt). The transmission electron microscope (TEM)
image (Fig. 2c¢) of CNT-D-O-Fe further confirms the presence of
pores. Furthermore, the high-resolution transmission electron
microscope (HRTEM) image and the local fast Fourier trans-
form (FFT) patterns near the porous structures (Fig. 2d and the
inset) show the breakage and the increase in disorder regarding
the lattice fringes of CNTs. This result suggests that the
formation of porous structures also induces a reduced degree
of graphitization for carbon. The high-angle annular dark field-
scanning transmission electron microscopy (HAADF-STEM)
image of CNT-D-O-Fe in Fig. 2e exhibits a vacancy defect
around the porous structure. The isolated bright spots with a
diameter of ca. 0.1 nm in the defect structure can be assigned to

Fig. 1 Schematic of the preparation process of CNT-D-O-Fe.
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Fig. 2 (a) SEM image of CNTs; (b) SEM and (c) TEM images of CNT-D-O-Fe; (d) HRTEM image of CNT-D-O-Fe and the corresponding fast Fourier
transform (FFT) patterns (the inset) of the local CNT-D-O-Fe around the vacancy defects; () HAADF-STEM image of CNT-D-O-Fe; (f) Raman spectra of

the samples.

the isolated iron single atoms, revealing the successful intro-
duction of iron single-atom sites during the etching process.

The control sample, CNT-O-Fe (0.03 wt% for iron content,
Table S1, ESIf) only containing iron sites and without pore
structure, is prepared via heating CNT-Fe-OH in an argon
environment and the subsequent acid treatment. Similar to
the CNT, the CNT-O-Fe shows a smooth surface (Fig. S6, ESIt),
but iron sites are uniformly introduced in the CNT-O-Fe based
on the element mapping of Fe in Fig. S7 (ESIt). In contrast, a
limited number of porous structures are observed over CNT-D-
O after a similar treatment of CNT-D-O-Fe except for the
addition of Fe compounds (Fig. S8 and S9, ESIf). This result
demonstrates the pivotal role of iron-based compounds in
making defective porous structures of CNT.

Pore diameter distribution and (Brunauer-Emmett-Teller)
BET-specific surface area of CNT, CNT-O-Fe, CNT-D-O, and
CNT-D-O-Fe are analyzed based on the nitrogen adsorption—
desorption curves (Fig. S10a, ESIt). The presence of lots of
porous structures makes CNT-D-O-Fe show a higher BET-
specific surface area (Table S2, 195.2 m* g, ESI{), superior
to CNT-O-Fe (82.1 m* g "), CNT-D-O (116.9 m* g '), and CNT
(81.7 m* g ). Fig. S10b (ESIY) also displays the larger pore size
distributions of CNT-D-O-Fe compared with CNT-D-O, CNT-O-
Fe, and CNT. The higher specific surface area and bigger pore
structure suggest a better mass transfer for CNT-D-O-Fe during
electrocatalysis. To investigate the degree of graphitization of

4272 | Mater. Horiz., 2023,10, 4270-4277

carbon in these samples, the Raman tests are conducted and
shown in Fig. 2f. The ratio of the peak intensities of D and G
peaks (1342 cm ™ and 1570 cm ™ *, respectively) for CNT-D-O-Fe
is 1.045, higher than those of CNT-D-O (0.744), CNT-O-Fe
(0.703) and CNT (0.700). This result demonstrates that the abun-
dant porous structures make CNT-D-O-Fe have a lower degree of
graphitization of carbon with more vacancy defects.*'* These
characteristics are beneficial to the exposure of the active sites and
the improvement of adsorption strength for the reactants.®*>°
The X-ray photoelectron spectroscopy (XPS) survey spectrum
of CNT-D-O-Fe in Fig. S11a (ESIt) reveals the presence of Fe, O,
and C. The O 1s XPS peaks at ca. 531.7 eV (Fig. S11c, ESIt) can be
assigned to the oxygen species in C-O-Fe.*”~*° However, the low
Fe content in CNT-D-O-Fe (0.15 wt%, Table S1, ESIT) makes it
difficult to confirm the chemical valence state and the corres-
ponding fine structure of the iron single atoms only based on the
XPS analysis. Therefore, the XAFS spectroscopy is further used to
precisely explore the fine structure of CNT-D-O-Fe including the
coordination environment and chemical state of the iron site.
According to the Fe K-edge X-ray absorption near edge structure
(XANES) of CNT-D-O-Fe, Fe,O; and Fe foil in Fig. 3a, the
oxidation state of iron in CNT-D-O-Fe is about +3 based on the
similar rising-edge position (ca. 7120.6 eV) and the pre-edge peak
(ca. 7115.6 eV) for CNT-D-O-Fe compared with Fe,Oz;. However,
the unique planar geometry of the oxygen-coordinated single
atomic iron sites (Fe-O,) makes CNT-D-O-Fe show a different

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) XANES and (b) FT-EXAFS of Fe foil, Fe,O3, and CNT-D-O-Fe, the intensity of Fe foil is halved. (c) The fitting curves of Fe K-edge EXAFS spectra
of the CNT-D-O-Fe in R space and the optimized Fe—O,4 structure with defects (the inset, gray ball: C atom, blue ball: O atom, red ball: Fe atom). WT

plots of (d) Fe foil, (e) Fe;Os, and (f) CNT-D-O-Fe based on the EXAFS.

first derivative of the Fe K-edge XANES signal in comparison to
Fe,0; (Fig. $13, ESIT).>” Besides, the peak at ca.1.52 A in the
Fourier transform of the Fe K-edge extended X-ray absorption
fine structure (FT-EXAFS) (Fig. 3b) reveals that the iron atom in
CNT-D-O-Fe is mainly bonded to O atoms instead of other Fe
atoms (ca. 2.20 A for Fe-Fe bond). The Fe-O bond length in
CNT-D-O-Fe (ca. 1.52 A) differs from that in Fe,O; (ca. 1.46 A).
Additionally, Fe,O; exhibits an observable peak at ca. 2.76 A,
attributed to the Fe-Fe interaction in the second coordination
shell, while such a signal is absent in CNT-D-O-Fe due
to its unique single-atom coordination environment. According
to the above analysis, the vacancy defect modifying oxygen-
coordinated iron single atomic site (Fe-O,) is used as the model
structure (the inset of Fig. 3c) to fit the FT-EXAFS spectrum. The
fitting results in k and R spaces are well matched with the
experimental results (Fig. 3c and Fig. S14, ESIY). The fitting
model structure based on the experimental data shows the Fe-O
coordination number of ca. 3.60 with a bonding length of ca.
2.06 A (Table S3, ESI). Besides, the wavelet transform (WT)
plots (Fig. 3d—f) of Fe foil, Fe,03, and CNT-D-O-Fe are performed
according to the values of k and R spaces to better visualize the
corresponding EXAFS spectra. With regard to the CNT-D-O-Fe,
only one main peak at 1.3-2.0 A and 4-7 A™" is assigned to the
Fe-O bond, which is obviously different from the Fe-O bond
(1.2-1.6 A and 3-7 A™") in Fe,05. Besides, another strong peak
for Fe,O; can be attributable to the Fe-Fe shell in oxides.***?
The above results involving the composition and fine structure
fully demonstrate that the in situ partial etching functionaliza-
tion strategy induced by iron oxide successfully prepares the

This journal is © The Royal Society of Chemistry 2023

oxygen-coordinated single-atom iron site on defects-rich CNT
(CNT-D-O-Fe).

Electrocatalytic 2e -ORR performance

The ORR catalytic performances toward H,0, production for
CNT-D-O-Fe and the as-prepared control materials (CNT-D-O,
CNT-O-Fe, and CNT) are evaluated in the O,-saturated 0.1 M KOH
solution (Fig. S15, ESIT) via the rotating ring disk electrode (RRDE).
The linear sweep voltammograms (LSV) recorded at a rotation
speed of 1600 rpm are shown in Fig. 4a. The pristine CNT only
displays an unfavorable cathodic current density (—2.20 mA cm >
at 0.550 V vs. reversible hydrogen electrode (RHE)) and the low
onset potential of 0.771 V vs. RHE (determined at the current
density of 0.150 mA cm %) among the group of curves. After
introducing abundant vacancy defects and oxygen-coordinated
single-atom iron sites, the ORR reduction current density of
CNT-D-O-Fe greatly increases (—2.72 mA cm > at 0.550 V vs.
RHE) with the high onset potential of 0.823 V vs. RHE. However,
the catalysts with the modification of iron sites (CNT-O-Fe, —2.36
mA cm 2 at 0.550V vs. RHE, 0.776 V vs. RHE) or oxygen-induced
vacancy defects (CNT-D-O, -2.48 mA cm > at 0.550 V vs. RHE,
0.803 V vs. RHE) both show inferior reduction current density and
lower onset potential compared with the CNT-D-O-Fe. The Tafel
plots in Fig. 4b exhibit similar slopes (approximately 80 mV dec ")
for the samples in this study, suggesting an identical reaction
mechanism with the first electron transfer to O, being the rate-
determining step under Temkin adsorption isotherm conditions.*?
Additionally, the kinetic current density of CNT-D-O-Fe at 0.550 V
vs. RHE is 13.4 mA cm™ 2 (Fig. 4c). This value is higher than those
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Fig. 4 (a) LSV curves (ring current and disk current density, respectively), (b) the Tafel plots of CNT, CNT-O-Fe, CNT-D-0O, and CNT-D-O-Fe; (c) J, and

(d) faradaic efficiency for H,O, at 0.550 V vs. RHE, (e) electron transfer number and selectivity for H,O,; (f) stability test of the catalytic materials at 0.550 V

vs. RHE.

of other catalysts, including CNT-D-O (12.1 mA ¢cm™ %), CNT-O-Fe
(9.62 mA cm™?), and CNT (8.52 mA cm™ ), further highlighting the
superior intrinsic catalytic performance of CNT-D-O-Fe. The results
imply that the defective structure and oxygen-coordinated Fe single-
atom sites could efficiently contribute to the ORR kinetic rate.

The faradaic efficiency, selectivity of H,0,, and the electron
transfer number were calculated based on the corresponding
ring and disk current. As shown in Fig. 4 and Fig. S16 (ESIY),
CNT-D-O-Fe displays high faradaic efficiency (89.4%) and selec-
tivity for H,O, (94.4%) at 0.550 V vs. RHE, which is better than
CNT-D-O, CNT-O-Fe, CNT and some previously reported cata-
lysts (Table S4, ESIT). Furthermore, compared with CNT-D-O,
CNT-O-Fe, and CNT, CNT-D-O-Fe is more likely to undergo ORR
via the two-electron transfer pathway as shown in Fig. 4e.

In addition, although CNT-O-Fe and CNT-D-O display higher
ORR reduction current densities, their H,0, selectivity (75.3%
and 87.5%, respectively) is lower than that of the CNT (91.7%).
This difference suggests that the individual introduction of
vacancy defects or iron single-atom sites would not enhance
the H,0, production efficiency. Nevertheless, the synergistic
combination of oxygen-coordinated iron single-atom sites
(Fe-0O,4) and vacancy defects in CNT-D-O-Fe greatly increases the
ORR activity (higher reduction current density) while promoting
the two-electron pathway to improve the H,O, selectivity. Chron-
oamperometry (at 0.550 V vs. RHE for 600 min) was conducted to
evaluate the catalytic stability. The current density of CNT-D-O-Fe
shows little noticeable fluctuation and can retain about 90.2% of

4274 | Mater. Horiz., 2023, 10, 4270-4277

the initial current density after the electrolysis for 10 h. But the
current densities of CNT-O-Fe and CNT-D-O are only 84.7% and
63.0% of the initial value, which reveals that the existence of
defects remarkably enhances the catalytic stability of iron single-
atom sites in CNT-D-O-Fe. It is postulated that the introduction of
the vacancy defect could increase the unsaturation of the carbon
substrate, thereby enhancing the interaction between single
atomic sites and the substrate. This effectively mitigated the
dissolution and aggregation of metal atoms during the catalytic
process.***> So the CNT-D-O-Fe shows high catalytic stability.

Theoretical insights into the electrocatalyst for the ORR
mechanism

To investigate the mechanism of the advanced two-electron
ORR catalytic performance of CNT-D-O-Fe in depth, the optimized
model structures (Fig. 5a) including CNT-D-O-Fe, CNT-O-Fe, CNT-
D-O, CNT-O, and CNT-D were constructed to perform the density
functional theory (DFT) calculations. Furthermore, Fig. 5b and Fig.
S17 (ESIT) provide the side and top views of the optimal theoretical
models (CNT-D-O-Fe and CNT-O-Fe) with and without adsorption
of O, and *OOH species, respectively.

Clearly, the introduction of vacancy defects alters the
configuration of the iron single atomic site and subsequently
affects the adsorption state of both O, and *OOH species. This
fundamental alteration serves as the underlying reason for the
observed disparity in the catalytic activity. In principle, the two-
electron ORR first undergoes one-electron reduction (from O,

This journal is © The Royal Society of Chemistry 2023
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to *OOH), and then *OOH is further reduced to H,0,. Since
both processes involve *OOH intermediates, the free energy of
adsorbed *OOH species (AG(*OOH)) serves as a critical descrip-
tor for evaluating the catalytic activity of the two-electron ORR
that produces H,0,."°™*° To this end, AG(*OOH) of all model
structures at the equilibrium potential (0.700 V vs. RHE) was
calculated and is shown in Fig. 5¢. Obviously, the AG(*OOH) of
CNT-D-O-Fe (3.46 €V) is very close to the ideal value (3.52 eV)
and indicates a moderate adsorption strength for *OOH. In
contrast, the adsorption strength of *OOH on CNT-O (3.92 eV)
and CNT-O-Fe (3.77 eV) is too weak, while it is too strong for
CNT-D-O (3.40 eV) and CNT-D (3.22 eV). The limiting potential
(Up) is defined as the maximum potential at which both two

7" CNT-D-O-Fe * CNT-O-Fe

b
S N
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one-electron reduction steps (from O, to *OOH and subsequent
reduction from *OOH to H,0,) become thermodynamically
favorable.>® Therefore, the activity volcano plots based on the
U, and AG(*OOH) are summarized to further underline the
intrinsic activity of the catalyst models (Fig. 5d). The most
efficient activity with zero overpotential is the vertex value of
the volcano at the equilibrium potential (0.700 V vs. RHE),*”*%*
Notably, the CNT-D-O-Fe exhibits the highest catalytic activity
for the two-electron reduction of O, to H,0, with an over-
potential of merely 0.06 V. This value is essentially lower than
those of other theoretical models, including CNT-O-Fe (0.25 V),
CNT-D-O (0.12 V), CNT-O (0.40 V), and CNT-D (0.30 V). The
computational results suggest that the synergy between vacancy

CNT-D CNT-D-O

CNT-D-O-Fe CNT-D-O-Fe-O, CNT-D-O-Fe-OOH
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Fig. 5 (a) The optimized structures for CNT-D-O-Fe, CNT-O-Fe, CNT-D, CNT-O, and CNT-D-O; (b) the side view of the optimal theoretical models
(CNT-D-O-Fe, CNT-O-Fe) with and without adsorption of O, and *OOH species (gray ball: C atom, blue ball: O atom, red ball: Fe atom, white ball: H
atom). (c) Free-energy diagram for O,-to-H,O, on these optimal model structures at the equilibrium potential (U = 0.700 V). (d) Catalytic activity volcano
plot with the calculated limiting potential (U,) as the y-axis and the calculated free energy of *OOH as the x-axis. The standard redox potential of the two-

electron ORR (0.700 V) is displayed via the horizontal dashed line.
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defect and oxygen-coordinated environment effectively improves
the adsorption strength of *OOH intermediates on single atomic
iron sites, resulting in robust ORR catalytic activity and high H,0,
selectivity (Fig. 4).

Conclusions

In summary, we have successfully designed and synthesized CNT-D-
O-Fe, featuring oxygen-coordinated iron single-atom sites (Fe-O,)
modified with vacancy defects. CNT-D-O-Fe exhibits highly effi-
cient ORR catalytic activity and remarkable H,O, selectivity when
compared to other catalysts such as CNT, CNT-D-O, and CNT-O-Fe,
with the presence of vacancy defects contributing to its robust
catalytic stability. Theoretical calculations further confirm the
enhancement of AG(*OOH) for CNT-D-O-Fe, resulting from the
synergistic effect between vacancy defects and oxygen-coordinated
environments. Our work provides a revealing example of defect-
stabilized and oxygen-coordinated metal single-atom materials as
advanced catalysts for the ORR to produce H,0,. Furthermore,
it offers a deeper insight into the roles of coordination environ-
ments and defects on catalytic performance, and also opens up
new possibilities for designing unique single-atom catalysts
with high activity and selectivity. We believe that our findings
could contribute significantly to the development of versatile
and low-cost electrocatalysts for more important reactions
beyond oxygen reduction to hydrogen peroxide.
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