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Abstract: H,O, production by electroreduction of O, is an
attractive alternative to the current anthraquinone process,
which is highly desirable for chemical industries and environ-
mental remediation. However, it remains a great challenge to
develop cost-effective electrocatalysts for H,O, synthesis. Here,
hierarchically porous carbon (HPC) was proposed for the
electrosynthesis of H,O, from O, reduction. It exhibited high
activity for O, reduction and good H,O, selectivity (95.0—
70.2 %, most of them >90.0% at pH 1-4 and >80.0% at
pH 7). High-yield H,O, generation has been achieved on HPC
with H,O, concentrations of 222.6-62.0 mmol L' (2.5 h) and
corresponding  H,O, production rates of 395.7-
110.2 mmolh™' g™" at pH 1-7 and —0.5V. Moreover, HPC
was energy-efficient for H,O, production with current effi-
ciency of 81.8-70.8 %. The exceptional performance of HPC
for electrosynthesis of H,O, could be attributed to its high
content of sp>-C and defects, large surface area and fast mass
transfer.

Hydrogen peroxide is a potential energy carrier and an
environmentally friendly oxidant for various chemical indus-
tries and environmental remediation. It is manufactured
industrially by the anthraquinone process, an indirect batch
method requiring sequential hydrogenation, oxidation of
anthraquinone molecules, and extraction of H,0, from
organic solvents. However, this multistep method is energy-
intensive and difficult for in situ H,O, production.!'! Consid-
erable efforts have been dedicated to develop efficient and
on-site H,O, production methods, which can not only
considerably reduce the cost for H,O, synthesis, transport,
storage, and handling but also facilitate the subsequent
application process. Direct synthesis of H,O, has been
achieved from H, and O, under plasmal® or on various
catalysts.’! These methods offer a continuous mode for H,O,
production and enable the decentralized production. How-
ever, they suffer from potential explosion of H,/O, gas
mixture. Another alternative method is the electroreduction
of O, through a two-electron pathway, which enables the
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in situ production of H,O, at moderate temperature and
atmospheric pressure while avoiding the danger of explo-
sion.! Moreover, if H,0, production is performed in a fuel
cell, it is possible to recover the energy released during
reaction.”! For H,O, production from electroreduction of O,,
it requires an active and cost-effective electrocatalyst which
selectively reduces O, to H,O, (two-electron pathway) over
H,O (four-electron pathway). Many potential electrocatalysts
have been exploited for H,O, production, including noble
metals, metal alloys, and carbon materials.***) Oxygen reduc-
tion on metal alloys such as Pd—-Au and Pt-Hg proceeds
primarily through the two-electron pathways with selectivity
of 70.8-92.5% (0.1-0.3 V vs. RHE, pH 1)."! However, the
limited supply of noble metals hinders their application.
Carbon materials are a promising alternative for H,O,
electrosynthesis due to their high abundance, low cost, and
electroreduction activity. It has been found that carbon fibers,
graphite, and N-doped porous carbon are active for H,0O,
production with production rates of 1.67-121.5 mmolh ‘g
and current efficiencies of 26.5-65.2% (pH 1-7), and their
performance is related to material structure and doping.[°><7
Despite the progress, it is still desirable to develop a novel
carbon material with high activity and selectivity for H,O,
production.

Among various carbon materials, porous carbon materials
are attractive for electrocatalysis due to their high surface
area and large pore volume as well as good electrical
conductivity.®l In particular, porous carbon derived from the
carbonization of metal-organic frameworks (MOFs) pos-
sesses unique properties. It presents a hierarchically porous
structure with abundant micro-, meso-, or even macropores.”!
Such structure endows this material with plentiful exposed
catalytic sites and shortened diffusion paths,"” which are
beneficial for H,O, production from O, reduction. When
carbonization is performed under H, even at atmospheric
pressure, introduction of defect sites and transferring sp>-C to
sp>-C will be promoted by a H, atmosphere and capillary
pressure resulting from the micro-, mesoporous structure.!"
Both defects and sp>-C can act as active sites for reactant
adsorption or reaction during the electrocatalytic process!'”
and thereby may improve the kinetics of oxygen reduction.
However, their correlation with H,O, production has not
been elucidated. Here, we reported an economical and
efficient electrocatalyst, hierarchically porous carbon (HPC)
derived from MOF carbonization under H,, for the selective
electrosynthesis of H,O, from O, at pH 1-7. The effect of
defects and sp’-C on H,0, production performance is
discussed.

HPC was prepared by a two-step method: hydrothermal
synthesis of MOF-5 (using zinc nitrate and terephthalic acid)
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Figure 1. Schematic illustration of HPC preparation.

at 100°C for 12 h, 24 h, or 36 h and subsequent carbonization
of MOF-5 at 1100°C for 5 h under H, atmosphere (Figure 1).
The HPCs derived from MOF-5 with hydrothermal treatment
times of 12 h, 24 h, and 36 h were named HPC-H12, HPC-
H24, and HPC-H36, respectively. As a comparison, MOF-5
(24 h) was also annealed under Ar and the resulting product
was named HPC-Ar24. SEM and TEM images (Figures 2 and

s

Figure 2. a) SEM and b) TEM images of HPC-H24; c) SEM and
d) TEM images of HPC-Ar24.

S1) show the mesoporous structure of HPC-H12 and HPC-
H36, whereas HPC-H24 possesses hierarchically porous
features with interconnected mesopores and macropores.
Compared with HPC-Ar24, HPC-H24 exhibits a much larger
pore size and higher surface pore density, implying that
carbonization under H, is correlated to its enlarged pore size
and surface pore density relative to HPC-Ar24. These results
show that the porous structure of HPC can be adjusted by
changing the time for the hydrothermal treatment of the
precursor and the carbonization conditions.

The surface area and porosity are two of the important
factors generally related to the electrocatalytic performance
of electrocatalysts, which has been examined by nitrogen
adsorption—desorption isotherms (Figure 3a and Table S1).
The BET surface arecas of HPC-H12, HPC-H24, and HPC-
H36 are 1635m’g !, 2130 m*g ', and 1746 m*g ', respec-
tively, demonstrating that HPC-H24 possesses the highest
surface area among the three electrocatalysts. As expected,
the BET surface area of HPC-H24 is also higher than that of
HPC-Ar24 (1679 m*g™"). Density functional theory (DFT)
pore size distribution (Figure S2a) confirms the hierarchically
porous structure of HPCs. The total pore volume of HPC-H24
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Figure 3. a) Nitrogen adsorption—desorption isotherms and b) XPS
spectrum.

is 2.94 cm®g ™!, which is much larger than those of the others
(1.45-2.21 cm®g'). In addition, the micropore volumes of
these four HPCs are nearly the same (0.59-0.64 cm®g!,
Figure S2b), indicating that carbonization under H, can
significantly improve the pore volume of meso- and/or
macropores. The X-ray diffraction (XRD) spectrum of
HPCs (Figure S3) displays two weak peaks at about 25° and
44°, which are assigned to the (002) and (101) planes of
carbon, respectively. No discernable peak related to a Zn
impurity (1015-1050 eV) is observed from X-ray photoelec-
tron spectroscopy (XPS, Figure 3b). The absence of Zn in
HPCs was further confirmed by inductively coupled plasma
atomic emission spectroscopy analysis, which was attributed
to Zn evaporation during carbonization at a temperature
higher than its boiling point (908°C).["¥ It demonstrates that
carbonization yields a pure porous carbon.

The oxygen reduction activity of HPCs was first examined
by cyclic voltammetry (CV) in Ar- or O,-saturated solution.
As shown in Figure4a (pH 1) for all four HPC electro-
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Figure 4. CV curves of HPCs in Ar- (dash line) or O,-saturated (solid
line) solution with a scan rate of 10 mVs™": a) HPC-H12, HPC-H24,
HPC-H36, and HPC-Ar24 at pH 1; b) HPC-H24 at pH 4; c¢) HPC-H24
at pH 7.

catalysts, well-defined reduction peaks appear in the CV
curves measured in O,-saturated solution, whereas quasi-
rectangular voltammograms without any noticeable peaks are
obtained in Ar-saturated solution, indicating the pronounced
electrocatalytic activity of HPCs for oxygen reduction. The
peak potential of HPC-H24 for oxygen reduction is 0.12'V,
which is more positive than those of HPC-H12 (0.03 V), HPC-
H36 (0.06 V), and HPC-Ar24 (0.07 V). Meanwhile, HPC-H24

Angew. Chem. Int. Ed. 2015, 54, 68376841


http://www.angewandte.org

presents the highest peak current density. These results
suggest that HPC-H24 is more active than HPC-H12, HPC-
H36, and HPC-Ar24 for oxygen reduction. The performance
of HPC-H24 is also better than those of HPC-H18 and HPC-
H30 (Figure S4). To explore the electrocatalytic activity of
HPC-H24 at higher pH values, its CV curves toward oxygen
reduction were further measured at pH 4-7 (the pH-depen-
dent reduction potential plot is presented in Figure S5). A
well-defined oxygen reduction peak centered at —0.19 V is
observed on HPC-H24 at pH4 (Figure 4b). Interestingly,
HPC-H24 also exhibits high activity in neutral solution
(Figure 4c¢), in which H,0, is expected to be the most flexible
form for application. These results indicate that HPC-H24 is
highly active for oxygen reduction at a wide range of pH
values.

To gain further insight into the mechanism of the oxygen
reduction reaction on HPC-H24, rotating disk measurements
were recorded in O,-saturated solution. According to the
Koutecky-Levich plot (Figure S6), electron transfer numbers
at pH 1 are calculated to be 2.10-2.38 for HPC-H24 at —0.1 to
—0.5 V, implying that the oxygen reduction reaction on HPC-
H24 is dominated by a two-electron process with H,O, as the
final product. Interestingly, at pH 4 and 7, the reaction also
mainly occurs through the two-electron pathway on HPC-
H24 (Figures S7 and S8). The H,0, selectivity of HPC-H24 is
80.9-95.0% in acidic solution (pH 1 and 4) and 70.2-85.1 % in
neutral solution (Figure 5). These values are comparable or
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Figure 5. H,0, selectivity of HPC-H24 at pH 1-7 and —0.1 to —0.5 V.

even better than those of electrocatalysts such as Pt—-Hg/C,*!
Pd,Au,_ !, and Co-C under similar conditions (Table S2),
which are among the best reported recently. These results
suggest that a high-yield electrosynthesis of H,O, can be
achieved on HPC-H24.

The excellent performance of HPC-H24 for H,O, syn-
thesis was verified by testing the real amount of H,O,
produced. Figure 6a—c shows the plots of accumulated H,O,
concentration versus electrolysis time, which reflects almost
linear accumulation of H,O, over electrolysis time at pH 1
and pH 4. When O, is electrochemically reduced on HPC-
H24 at pH 1, the concentrations of H,O, produced within
2.5 h are 95.8-222.6 mmolL " at —0.1 to —0.5 V. This trans-
lates to an H,O, production rate of 1302.9-2249.4 mgL~"'h~!
at —0.1 to —0.3 V, which are 1-2 orders of magnitude higher
than those of recently reported electrocatalysts!® ' under
similar conditions (Table S3). Meanwhile, HPC-H24 gives
a high mass yield for H,O, production. The corresponding
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Figure 6. The concentration of H,0, produced by HPC-H24 as a func-
tion of electrolysis time in solution with a) pH 1, b) pH 4, and ¢) pH 7;
d) current efficiency of HPC-H24 for H,0, production at —0.1 to
—0.5Vand pH 1-7.

H,0, production rate normalized by catalyst loading is 170.3—
395.7 mmolh™' g~! on HPC-H24 at —0.1 to —0.5 V. It is worth
noting that the H,O, yield increases as the potential is
negatively shifted at the potential range investigated. The
same trend has been observed for H,O, production at pH 4
and 7. As displayed in Figure 6b and c, H,O, concentrations
increase from 58.9 mmolL™' (—0.1V) to 123.4 mmolL"'
(-0.5V, 2193mmolh'g?') at pH4, and from
328 mmolL™!  (-03V) to 620mmolL™" (-05YV,
1102 mmolh~'g™") at pH7. Under the same potential,
alower pH value is beneficial for H,O, production (consistent
with the results reported'®), which may be related to the
participation of H" in H,O, synthesis. Nevertheless, for H,O,
generation in neutral solution, HPC-H24 still outperforms
non-noble-metal electrocatalysts reported recentlyl®!*!>
(Table S4). The good performance of HPC-H24 has been
confirmed by using different electrolytes (Figure S9). Besides,
HPC-H24 is stable during the successive electrosynthesis of
H,0, for six times (Figure S10). These results indicate the
outstanding activity of HPC-H24 for H,O, electrosynthesis in
a wide range of pH values.

The current efficiency is one of the major concerns for
electrocatalysis. Here, the current efficiency for H,O, gen-
eration was also examined to further assess the performance
of HPC-H24. As shown in Figure 6d, the current efficiency at
pH 1 is 85.2-91.2% under a potential of —0.1 to —0.3 V. It
increases initially as the potential is negatively shifted and
slightly declines at —0.5 V (81.8 %), which can be explained
by the decreased H,O, selectivity (Figure 5). As expected,
HPC-H24 retains a high current efficiency (73.0-82.4 %) for
H,O, production at pH 4. Although current efficiency at
neutral solution is slightly declined (60.0-70.8 %), HPC-H24
is still more energy-efficient than most electrocatalysts
reported (26.5-52.5%).°151] These results indicate that
a high energy efficiency can be achieved on HPC-H24 for
H,0, production at pH 1-7.

It is generally considered that an electrocatalyst with
a high surface area is favorable for electrocatalytic reactions
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because it can offer abundant catalytic sites. For HPCs
carbonized under H,, the BET surface areas follow the order
of HPC-H24 > HPC-H36 > HPC-H12. The same trend has
been observed for their electrocatalytic activity. Based on
their similar oxygen reduction current density normalized by
BET surface area, which are 0.124-0.130 pA cm 2, it can be
deduced that the oxygen reduction activity is mainly influ-
enced by surface area for HPCs carbonized under H,.
However, HPC-Ar24 exhibits a much smaller normalized
current density (0.100 pAcm™2) compared with HPC-H24,
suggesting that there are other factors contributed to the high
activity of HPC-H24 except its high surface area.

To further understand the origin of its high activity,
composition of HPC-H24 and HPC-Ar24 were analyzed by
XPS and Raman spectroscopy. Both C 1s spectra of HPC-H24
and HPC-Ar24 can be deconvoluted to five peaks, which are
associated with C=C (sp?), C—C (sp*), C—OH, C=0, and O=
C—OH (Figure 7a and b). However, the peak area ratio of C—
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Figure 7. The C 1s XPS spectrum of a) HPC-Ar24 and b) HPC-H24;
c) Raman spectra and d) H,0, production rates (normalized by BET
surface area, —0.3 V, pH 1) of HPC-Ar24, HPC-H24, HPC-HT, and
HPC-H2.

C/C=C for HPC-H24 (0.63) is significantly higher than that of
HPC-Ar24 (0.25). It can be explained by the transformation
of sp>-C bonds to sp>-C bonds after H, treatment at high
temperature.""'”! The Raman spectrum (Figure 7¢c) shows
two peaks located at 1320 cm™' (D band) and 1585 cm™!
(G band). The D band is associated with the introduction of
sp’-C bonds and structure defects on the edges or basal plane,
whereas the G band is related to graphitic carbon. The
intensity ratio of D band to G band (/1) is 1.17 for HPC-
H24, much higher than that for HPC-Ar24 (0.84). These
results show that the content of sp’-C bonds and defects is
increased for HPC-H24 compared with HPC-Ar24. It has
been reported that sp-C bonds and defects of carbon
nanomaterials can act as active sites for the adsorption or
reaction during the electrocatalytic process.'”*'! These
functions of sp’-C bonds and defects may promote the
oxygen reduction reaction and thereby facilitate H,O,
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production. To evaluate these functions of sp>-C bonds and
defects, HPCs with I/ values of 0.84, 1.02, 1.17, and 1.31
were employed for H,O, production. Figure 7d shows their
H,O, production rates normalized by BET surface area.
When the I,/1; value of HPCs increases from 0.84 to 1.17, the
H,0, production rate is enhanced gradually, indicating
a significant contribution of the sp’-C bonds and defects for
enhancing the electrocatalytic performance. However, the
H,0, production rate declines slightly by further increasing
I/ to 1.31. According to the mechanism reported™™! and
the electron transfer number measured, the H,O, production
on HPC-H24 occurred by an overall two-electron/two-proton
reduction process (Eq.[S1-S4]: O,—*HO,—H,0,). The
defect sites are favorable for *HO, accumulation®! and this
results in a high H,O, selectivity, which may also contribute to
the high performance of HPC-H24 for the electrosynthesis of
H,0, from O, reduction.

Based on the aforementioned results, the following factors
are responsible for the remarkable electrocatalytic perfor-
mance of HPC-H24: 1) it has a high content of sp>-C bonds
and defects, which can act as reactive sites for oxygen
adsorption or reduction during the electrocatalytic process;
2) its high surface area and 3D hierarchical porous structure
provide plenty of exposed reactive sites, resulting in a large
electroactive surface area for oxygen reduction; 3) its hier-
archical pores can minimize the diffusion resistance for mass
transport, favoring the efficient transfer of O,, H"/H,O and
the fast emission of H,0,; 4) benefiting from its defect sites,
HPC-H24 has a high H,O, selectivity.

In conclusion, a highly active and efficient electrocatalyst,
HPC, has been presented for the electrosynthesis of H,O,
from O,. It exhibited a good selectivity for the electro-
chemical reduction of O, to H,O, in a wide range of pH values
(1-7). Moreover, not only has a high-yield electrosynthesis of
H,0, been achieved on HPC with production rates of 395.7—
1102 mmolh'g™! (pH 1-7, —0.5 V), but also a high current
efficiency of 70.8-81.8 % (pH 1-7, —0.5 V) was obtained from
its H,O, production tests. The outstanding performance of
HPC resulted from its high content of sp>-C bonds and
defects, large surface area, and fast mass transport. All these
features indicate that HPC is an attractive nonmetallic
inorganic material for the electrosynthesis of H,0O,. This
work is also valuable for exploring related nonmetallic or all-
carbon-based electrocatalysts for H,O, production.

Keywords: electrocatalysis - electrochemistry -
hydrogen peroxide synthesis - oxygen reduction - porous carbon
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