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The two-electron (2e7) oxygen reduction reaction (ORR) is a green way to produce hydrogen peroxide
(H20,). However, the ORR occurs at the gas—liquid—solid interface, and the active sites in the electrocata-
lyst are buried, preventing them from taking part in the reaction and lowering the reaction efficiency. To
boost the efficacy of the 2e™ ORR, the template method is widely used to construct pores to optimize the
mass transfer process; however, the post-treatment using strong acids and bases will inevitably produce
toxic pollutants. Herein, an interconnected pore structure was produced in the carbon electrocatalyst by
utilizing an “inside-out” energy release pore-making strategy triggered by the detonation of an energy
metal-organic framework (EMOF). In order to expose additional active sites for the 2e™ ORR, the pre-
buried EMOF releases large amounts of gases, generates shocks to the carbon electrocatalyst during the
pyrolysis process, and avoids acid—base post-treatment. The electrocatalyst demonstrated a remarkable
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H,0, yield of 74.98 mg h~ and an H,O, selectivity of over 95%. It is worth noting that the electrocatalyst
can consistently produce H,O, for more than 42 hours with negligible performance degradation. This
facile and green strategy can be applied to modify the pore structure of the electrocatalysts to achieve the

rsc.li/greenchem desired 2e™ ORR performance, thus enabling the green and efficient electrosynthesis of H,O,.

negative byproducts.”>*® The electrolyte flow typically carries

0, to the active sites, where it is reduced to H,0O, or H,O,
corresponding to the 2e” and 4e” ORR pathways,

Introduction

Global public health crises, such as A(H5N1)," highly patho-

genic coronavirus® and monkeypox,® are becoming a challenge
for human beings. A strong oxidizing agent, hydrogen peroxide
(H,0,), when dissolved in water, may render many bacteria
inert.* ® The global consumption of H,0, was 5.5 million tons
in 2018 and is anticipated to increase to 6.5 million tons by
2023.” The most popular technique for producing H,0, on a
large scale is the anthraquinone method; however, due to the
large amount of hazardous waste it produces, which causes
irreversible harm to the environment and humans, researchers
are currently working to develop environmentally friendly
H,0, production methods.®*" The electrochemical 2e” ORR is
a facile and green method of synthesizing H,O, without any
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respectively.’*>® An electrocatalyst with high 2e~ selectivity is
highly required for the production of H,0,. Hg alloyed with
other metals exhibits great selectivity and high efficiency for
the 2e™ ORR, but its practical use on a large scale is hampered
by Hg’s toxicity.>®>” Developing a non-toxic and efficient 2e~
ORR electrocatalyst still remains a challenge.

Carbon is one of the most extensively distributed elements
on the planet; carbon materials have numerous sources and
are inexpensive, non-toxic, and endowed with stable chemical
properties according to their sp> hybridization network.*s°
Recent studies have demonstrated that carbon materials modi-
fied in particular ways, such as by heteroatom doping,*"*
inducing defects,**> plasma treatment®®” and functional
group modification,*®*? can attain promising electrochemical
ORR performance.

The question is how to improve the selectivity and
efficiency of the 2e” ORR. There are numerous active sites
inside the carbon materials that are unable to participate in
the ORR because it occurs at the interface of gas, liquid and
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solid phases,**** significantly lowering the reaction efficiency.
Constructing pore structures inside bulk materials can expose
more electrochemically active sites, which can improve the
efficiency of the ORR.*’ The template method is the most
widely used way to build pore structures inside materials. Tsuji
et al. used a porous alumina template with a controllable pore
size to optimize the structure of carbon nanofibers.** The
carbon nanofibers after removing the template using NaOH
resulted in a more uniform deposition of Pt sites for the ORR.
Wu et al. used SiO, as a hard template to prepare an N-doped
carbon base catalyst.*> After removing the SiO, template with
HF, a hierarchically macro-meso-microporous N-doped
carbon structure was created. Although many electrocatalysts
with good catalytic performance have been investigated by
researchers using the template method, it is impossible to
avoid the use of strong acids and bases for the post-treatment
process of template removal. Developing a facile and green
method to build pore structures inside carbon materials still
remains a challenge.

Energetic metal-organic frameworks (EMOF) are a subclass
of MOFs in which the organic ligands have a high energy level
and their decomposition can release enormous amounts of
gas and energy, known as the detonation effect.*>*” EMOF
might be rationally incorporated into the carbon electrocata-
lyst production process to modify the inner structure of bulk
materials, without requiring any dangerous chemical reagents
for post-treatment, and expose more active sites. Herein, we
have illustrated a facile and green “inside-out” energy release
pore-making strategy to construct interconnected pores inside
a carbon electrocatalyst through the detonation of EMOF. A
kind of EMOF, {[Zn,(HTATT),(H,0),]-3H,0},, with a nitrogen
content of 58%, which was prepared by our research group,
was pre-buried in a carbon aerogel. When the mixture is
heated to a high temperature, EMOF breaks down and releases
large amounts of heat and gas, impacting the carbon aerogel
from the inside out, and finally, it forms the electrocatalyst
with interconnected pores. The obtained carbon aerogel elec-
trocatalyst exhibited high 2e™ ORR selectivity and H,O, yield.
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Scheme 1 Schematic diagram for the synthesis of CA-NR.
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Results and discussion
Synthesis of the electrocatalyst

Scheme 1 depicts the synthesis process of CA-NR. First, a
hydrothermal technique was used to produce an EMOF-doped
carbon aerogel precursor. The precursor was then crushed into
powder after being freeze-dried. The powder was finally pyro-
lyzed in a tube furnace. The EMOF detonated during pyrolysis,
releasing a large amount of energy and gas. The EMOF exhibi-
ted excellent detonation properties (Fig. S2 and Table S17).
The carbon material was impacted and affected by the energy
and gas, and as a result, an electrocatalyst with an intercon-
necting pore structure was obtained.

Characterization of the electrocatalyst

XRD was used to identify the phase structure of the samples
(Fig. 1a). All the samples exhibited two broad diffraction peaks
around 25° and 44°, which corresponded to the (002) and
(100) planes of graphite,*® respectively. This suggests that
during the high-temperature pyrolysis, the Zn atoms evapor-
ated and the EMOF entirely disintegrated. The degree of gra-
phitization was assessed using the Raman spectrum (Fig. 1b).
For CA-NR, CA-ZIF8, CA-Zn, and CA, the intensity ratios of the
D band (defect 1350 cm™") to the G band (sp” hybridization of
carbon 1580 cm™") were 1.36, 1.02, 1.02, and 1.01, respectively.
The similar low I/Ig values indicate that the Zn ions and ZIF8
(low nitrogen content ~24.4%) have only minor effects on the
carbon matrix structure. The I/I; value of CA-NR was 1.36,
which was much higher than that of other samples, demon-
strating that the detonation impact of the EMOF caused a
large increase in the number of flaws in the carbon matrix.
The active sites for electrocatalysis can be made up of many
defect sites.*® The adsorption-desorption isotherm of samples
made by pre-embedding various precursors (EMOF for CA-NR,
ZIF8 for CA-ZIF8, Zn>" for CA-Zn, and none for CA) is shown in
Fig. 1c. Each curve belongs to an H3 hysteresis loop and type I
isotherm. There are numerous structures in the samples since
the adsorption capacity increases sharply at a low relative

This journal is © The Royal Society of Chemistry 2023
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Fig. 1
bution of the samples.
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(a) XRD pattern of the samples. (b) Raman spectra of the samples. (c) N, adsorption—desorption isotherms of the samples. (d) Pore size distri-

Fig. 2 (a—-d) SEM images of CA, CA-Zn, CA-ZIF8 and CA-NR. (e—h) TEM
CA-Zn, CA-ZIF8 and CA-NR.
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images of CA, CA-Zn, CA-ZIF8 and CA-NR. (i-1) HRTEM images of CA,
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pressure (P/P, < 0.05) but not at a high relative pressure, where
there is no clear saturated adsorption platform. As a result, the
specific surface areas of CA, CA-NR, CA-ZIF8, CA-Zn, and CA
are 761.32 m> g7, 605.56 m*> ¢!, 597.61 m> g', and 504.7
9 m* g7', respectively. After doping the EMOF, the specific
surface area of CA-NR significantly increases, which is almost
1.5 times that of CA. More active sites can be exposed by a
sample with a larger specific surface area, which improves the
sample’s electrocatalytic performance.>® The pore size distri-
bution is exhibited in Fig. 1d, with the pore size distribution
of CA mainly concentrated on the mesoporous regions. The
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Green Chemistry

pore size distributions of CA-Zn and CA-ZIF8 are broader than
that of CA after doping with Zn>" and ZIF8, which is primarily
related to the evaporation of Zn. More importantly, the pore
size distribution of the sample embedded in the EMOF
becomes significantly wider, which is caused by the detona-
tion effect of EMOF. The abundant pore structure is conducive
to the electrolyte flow inside the electrocatalyst to transport
more O, to the active sites, which is beneficial for boosting the
efficiency of the ORR.

The morphology of the samples was detected by SEM and
TEM. Fig. 2a demonstrates that the pure carbon aerogel (CA) is

200 nm

Fig. 3 (a) HAADF-STEM image of CA-NR. (b) Elemental mapping images of CA-NR.

a 120.9°

b 128.5°

Fig. 4 Contact angles of (a) CA, (b) CA-Zn, (c) CA-ZIF8, and (d) CA-NR.
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aggregated by small carbon spheres and the pore structure
exists between the stacked spheres (Fig. 2e and i). It can be
seen that both samples (CA-Zn and CA-ZIF8) exhibit compar-
able macroporous structures in Fig. 2b and c. It can be inferred
that the evaporation of Zn is primarily responsible for the
macroporous formations.>" Fig. 2d displays the SEM images of
CA-NR, where an interconnected pore structure is visible. Due
to the detonation effect of EMOF, when the pyrolysis tempera-
ture exceeds the decomposition temperature, the EMOF
decomposes and releases enormous amounts of energy and
gases, causing shock and damage to the inside of the carbon
aerogel. Subsequently, the carbon spheres melt and fuse,
rather than remaining in their natural state. The intercon-
nected pore structure evolves concurrently under the influence
of gases.

The EMOF can break down and release a significant
amount of energy when heated to a high temperature. To
examine the thermal decomposition behavior of EMOF,
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thermogravimetric (TG) and differential scanning calorimetry
(DSC) techniques were employed (Fig. S31). At around 100 °C,
the first stage of weightlessness sets in due to the loss of free
H,0 molecules. The EMOF structure is still intact as shown by
the subsequent continuous stable stage. As the temperature
increases, the second stage of weightlessness appears at
339 °C. This is brought on by the collapse of the EMOF struc-
ture, and the DSC curve clearly shows that this is an exother-
mic reaction. The investigation of heat behavior supports
earlier hypotheses concerning the creation of the pore struc-
ture and morphology. Interconnected pore structures and
evenly distributed C, N, and O were observed in the materials
by high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) and related energy dispersive
X-ray spectroscopy (EDX) techniques (Fig. 3).

The ORR occurs at the gas-liquid-electrocatalyst interface.
0, is dissolved in the water and then transported to the cata-
Iytic active sites by the electrolyte, and reduction takes place in
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the form of H,O/H,0, for desorption. Therefore, the surface
wettability of the electrocatalyst is essential to the ORR
process. Fig. 4a-d depict the results of the contact angle test.
The interconnected pore structure of CA-NR results in a super-
hydrophobic surface with a contact angle of up to 151.4°. This
assists in optimizing the reaction pathway and the desorption
of ORR intermediates. The contact angles of CA, CA-Zn and
CA-ZIF are 120.9°, 128.5°, and 142.9°, respectively. These
results indicate that doping nitrogen-rich MOF, ZIF8 and Zn*"
into carbon materials will cause the doped components to col-
lapse and shock the bulk carbon aerogel during the co-pyrol-
ysis process. The increased hydrophobicity promotes the ORR
process and prevents the burial of active sites brought on by
the flooding effect.’*>?

The surface chemical state of the samples was examined
using XPS. The survey spectrum in Fig. 5a reveals that the
samples are made up of the elements C, N and O. In the C 1s
spectrum (Fig. 5b), the peaks are deconvoluted into the peaks
from C=O (288.5 eV), C-O (286.1 eV) and C-C/C=C (284.8
eV), respectively. Fig. 5c¢ shows the N 1s spectrum of
samples,> where the content of pyrrolic N (400.28 €V) of
CA-NR is 8.8%, compared to 8.3% for CA-ZIF8, 5.9% for
CA-Zn, and 5.1% for CA. The detonation impact of the nitro-
gen-rich MOF destroyed the stable sp® hybrid carbon frame-
work, making it easier to dope N into the framework.
According to previous studies, it has been suggested that the
pyrrolic N sites can enhance the 2e” ORR selectivity, leading to
increased efficiency of H,0, production.>>>® Fig. 5e shows the
O 1s spectrum of samples, and the peaks exhibited at 533.93
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eV and 532.46 eV were attributed to C-O and C=O0, respect-
ively. The concentrations of O types were found to be similar
in CA-NR, CA-Zn and CAZIF8. Additionally, the surface C=0
group was shown to enhance the 2e~ ORR pathway.””*

Electrocatalytic performance of CA-NR

The ORR performance was investigated using a three-electrode
rotating ring-disk system. Cyclic voltammetry (CV) was carried
out under O,-saturated 0.1 M KOH. All of the carbon-based
electrocatalysts showed an obvious O, reduction peak, and
CA-NR showed the most positive peak position (Fig. 6a), indi-
cating that CA-NR exhibited excellent ORR activity. Linear
sweep voltammetry (LSV) was conducted to obtain the detailed
ORR performance (Fig. 6b). The ring current of CA-NR was
higher than that of CA-ZIF8, CA-Zn and CA, indicating that
CA-NR had a better 2e~ ORR selectivity and that the ring elec-
trode detected more H,0, generation. The calculated H,0,
selectivity is shown in Fig. 6c. The H,0, selectivity is higher
than 70%, reaching its highest value of 93.4% at 0.65 V.
Fig. 6d shows the corresponding electron transfer numbers of
samples. CA-NR exhibits an electron transfer number of nearly
2 in a wide potential range (0.2-0.7 V vs. RHE), which indicates
the 4e” ORR pathway was significantly suppressed. We infer
that such excellent ORR performance can be attributed to the
following points: (I) the pyrrolic N sites and C=O functional
group created by the detonation effect of nitrogen-rich MOF
could be used as the active sites for the 2e™ ORR, and (II) the
interconnected pore structure facilitates electrolyte flow in the
interior of the electrocatalyst, exposing O, to more active sites.

CA-ZIF8

Current density (mA cm?)

0.2 0.4 0.6 0.8 1.0 1.2
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Fig. 6 (a) Cyclic voltammograms of samples in O,-saturated 0.1 M KOH at 10 mV s, (b) Polarization curves of samples at 1600 rpm in O,-saturated
0.1 M KOH (dashed lines: ring current; solid lines: disk current). (c) H,O, selectivity of samples. (d) Electron transfer number of samples.
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The electrochemical active surface area (ECSA) of the
samples was examined by double-layer capacitance (Cq) in the
non-Faraday range to confirm whether CA-NR exposed more
active sites (Fig. S4 and S5t). CA-NR exhibited a higher Cg
value (4.6 mF) and ECSA value (115 mF cm™?) than CA-ZIF8
(3.8 mF and 95 mF cm™?), CA-Zn (2.7 mF and 67.5 mF cm?)
and CA (2.0 mF and 50 mF cm ). The results further con-
firmed that CA-NR exposed more active sites to improve its
ORR properties.
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Fig. 7 Chronoamperometry stability test of CA-NR on RRDE at 1600
rpm (0.65 V vs. RHE in 0.1 M KOH).
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Electrocatalytic stability of CA-NR

The RRDE setup was used at 0.65 V vs. RHE and 1600 rpm to
assess the stability of the CA-NR (Fig. 7). After 8 hours, the far-
adaic efficiency of H,0, for CA-NR could be maintained at
above 95% during the long-term test. To further investigate the
stability of CA-NR, the electrocatalyst after the long-term test
was characterized by XRD, Raman spectroscopy, SEM and
TEM. According to the XRD result (Fig. S6at), the CA-NR main-
tains the graphite phase, with the peaks at 25° and 44° corres-
ponding to the (002) and (100) planes of graphite, respectively.
As shown in the Raman spectrum in Fig. S6b,t the ratio of I/
I was 1.29. The slight decrease was attributed to the hostile
electrochemical environment, which increased the concen-
tration of disordered carbon and caused carbon to dissolve.
The morphology of CA-NR was observed by SEM and TEM
after testing (Fig. S7a-ct). The interconnected pore structure of
CA-NR was found to be well-preserved, and no discernible col-
lapse was observed. The C, N and O elements were evenly dis-
tributed in the material according to the HAADS-STEM charac-
terization (Fig. S7df). The long-term test showed that the
EMOF detonation effect-constructed CA-NR exhibited excellent
ORR stability.

Bulk H,O, production

Bulk H,0, production was conducted using an H-type electro-
catalysis cell (Fig. 8). CA-NR exhibited a high FE of 95% during
a 42-hour test, and the corresponding H,0, production was
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(a) Schematic of the bulk H,O, production device. (b) The FE% and concentration of the produced H,O, using CA-NR. (c) Long-term stability
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74.98 mg h™', which was better than those of many recently
reported 2e~ ORR electrocatalysts (Fig. S8 and S9f). The elec-
trocatalyst demonstrated great stability, maintaining a 3.8 mA
current for 42 hours with negligible current attenuation.

Conclusion

In summary, an electrocatalyst, CA-NR, which has an intercon-
nected pore structure, was obtained through the co-pyrolysis of
carbon aerogel and EMOF. The preparation of electrocatalytic
materials does not contain hazardous chemicals that require
post-treatment. The formation of the unique pore structure
was attributed to the detonation effect of EMOF. The CA-NR
possesses excellent H,O, selectivity with over 95% and a high
yield of 74.98 mg h™. We described a new, facile, and green
strategy for constructing pore structures in order to optimize
the mass transfer process and expose ORR active sites.
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