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ABSTRACT: Hydrogen peroxide (H2O2), an important
industrial chemical, is currently produced through an energyintensive anthraquinone process that is limited to large-scale
facilities. Small-scale decentralized electrochemical production
of H2O2 via a two-electron oxygen reduction reaction (ORR)
oﬀers unique opportunities for sanitization applications and
the puriﬁcation of drinking water. The development of
inexpensive, eﬃcient, and selective catalysts for this reaction
remains a challenge. Herein, we examine two diﬀerent porous
carbon-based electrocatalysts and show that they exhibit high
selectivity for H2O2 under alkaline conditions. By rationally
varying synthetic methods, we explore the eﬀect of pore size
on electrocatalytic performance. Furthermore, by means of
density functional calculations, we point out the critical role of carbon defects. Our theory results show that the majority of
defects in graphene are naturally selective for the two-electron reduction of O2 to H2O2, and we identify the types of defects with
high activity.
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■

INTRODUCTION
Hydrogen peroxide (H2O2) is an important industrial chemical
with a wide range of applications, including paper and textile
manufacturing and environmental protection by means of the
detoxiﬁcation and color removal of wastewater.1 The remarkable
oxidation properties of hydrogen peroxide allow it to oxidize
various pollutants selectively, while it transforms to water. H2O2
is considered a promising solution for improving access to clean
drinking water, an issue that aﬀects many parts of the world.
Industrially, H2O2 is produced through the energy-intensive
anthraquinone oxidation process that is limited to large-scale
facilities.1 Moreover, the unstable nature of H2O2 makes longdistance transport challenging and unsafe. These issues make this
important chemical largely inaccessible to a large number of
people living in remote rural areas who can beneﬁt from it the
most. The solution could be small-scale, decentralized electrochemical production of H2O2, enabling use at the point of
generation.
Recently, electrochemical advanced oxidation processes
(EAOPs) have been developed and applied for water
© 2017 American Chemical Society

puriﬁcation. In these processes, hydrogen peroxide is generated
on site from a two-electron reduction of injected oxygen (eq 1)
and used as an oxidizing agent for water treatment.2 To make the
process eﬃcient, an active electrocatalyst that selectively avoids
the competing four-electron water formation route (eq 2) is
essential.
O2 + 2(H+ + e−) → H 2O2

E° = 0.70 V vs RHE

(1)

O2 + 4(H+ + e−) → 2H 2O

E° = 1.23 V vs RHE

(2)

The two-electron reduction reaction involves only one
intermediate, namely OOH*,3 while the four-electron reduction
reaction involves OOH*, O*, and OH* intermediates.3−5 Both
reactions have OOH* as the ﬁrst intermediate (the asterisk
denotes an active site on the catalyst surface). A further, singleelectron reduction of OOH* could result in selective production
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defect-containing carbons with diﬀerent but well-deﬁned pore
sizes and to observe how this aﬀects the electrosynthesis of H2O2.
In this work, both the defect and pore size eﬀect will be
investigated, providing further understanding of the role these
key properties play in electrochemical H2O2 synthesis.
Herein, we examine two synthesized porous carbon catalysts
with well-deﬁned pore size regimes. In particular, predominantly
microporous (MicroC) and predominantly mesoporous
(MesoC) carbons resulted from polymerization of phenol or
its derivative with formaldehyde and subsequent carbonization at
850 °C. These carbon materials provide high selectivity and
activity for the electrochemical synthesis of hydrogen peroxide
under alkaline conditions. Through this systematic investigation,
we show that pore size plays a signiﬁcant role in aﬀecting the
mass transport and stability of the carbon materials for this
important electrochemical reaction. Catalyst evaluation for
diﬀerent pH environments also reveals that pH has an eﬀect
on performance. Physical and chemical characterization
techniques were correlated with results from electrochemical
measurements to elucidate the unique features of these carbon
materials that contribute to their H2O2 production activity.
Density functional theory (DFT) is used to investigate the
eﬀect of defects in tailoring the local electronic structure that they
could in principle be detrimental for the catalytic properties of
the carbon catalysts investigated herein. We consider a wide
variety of diﬀerent defect types to assess their activity for the
electrochemical reduction of O2. We show that majority of
defects in graphene model systems are naturally selective for the
two-electron reduction of O2 to H2O2. By constructing the trends
in activity, we map out the most active defect sites for the twoelectron reduction route.

of H2O2. The further reduction to H2O is suppressed only on
catalysts with weak O* binding energies, such as Au surfaces that
are capable of preserving the O−O bond.6 It is also known that
catalysts with isolated active sites consisting of the reactive center
surrounded by element(s) with weak oxygen binding could maintain the O−O bond and work reasonably well for this
reaction.7−10 To this end, the two-electron reduction of oxygen
to H2O2 has been the subject of substantial studies in recent
years.7−9,11−15 Many prospective electrocatalysts have been
suggested, including noble metals,3,16,17 metal alloys7,9,16 and
carbon-based materials.11,18,19 It has been shown that the twoelectron reduction dominates on metal alloys such as Pt/Pd−
Hg8,9 and Pd−Au;7 however, the noble metal reliance and high
price impede large-scale applicability.
Carbon-based materials are particularly interesting alternatives
to precious metals as H2O2 electrochemical synthesis catalysts.
They are inexpensive and earth abundant and have surface and
structural properties that can be tuned to induce favorable
electrochemical properties. Chemical doping20−22 and the ease
of defect incorporation23 make it possible to modify the
electrochemical properties of carbon-based materials. Among
the large variety of carbon-based materials, porous carbon
structures have shown great promise for electrocatalysis, because
of their large surface area, high pore/volume ratio, and high
electrical conductivity.11 Several reports describe nitrogen-doped
carbon materials, which showed moderate activity and selectivity
for the electrosynthesis of H2O2 via the two-electron reduction
process.11,18,19 Speciﬁcally, quaternary nitrogen and pyrrolic
nitrogen11 or the synergistic eﬀect of N-doped structures and the
surface oxygen-containing functional groups19 were postulated
to be the active sites. There is still limited understanding in
identifying the active sites in these catalysts. Regardless, the
majority of these recent works found that nitrogen dopants
consistently demonstrate improved activity toward the fourelectron reduction under alkaline conditions, selectivity that is
more amenable for fuel cell applications.24−27
Undoped carbon has also shown potential for the two-electron
mechanism, though limited to very few studies. Hierarchical
porous carbons (HPC) derived from metal organic framework
carbonization under H2 were reported to selectively reduce O2 to
H2O2 at pH 1−7.15 It was suggested that certain defects and sp3C bonds in the HPC constitute the active sites. In particular,
vacancy and edge type are typically the intrinsic defects that exist
in various HPC materials, depending on the synthesis procedures
and/or chemical treatments employed.15,23 In another study, a
diﬀerent result was found in that during the creation of edge
defects in graphene with plasma treatment, the four-electron
ORR route can be greatly enhanced.28 Understanding the
important role of defect sites in carbon-based materials in ORR
electrocatalysis, given the intrinsic large surface and the great
variety of defect sites coexisting in the materials, motivates
further investigation.
In addition to the diﬀerent varieties of surface defect sites and
their site densities, pore size is an important physical property
that can also aﬀect the overall catalytic performance. Speciﬁcally,
in a recent study, a mesopore-dominant nitrogen-doped carbon
was compared to a micropore-dominant nitrogen-doped carbon,
and it was suggested that a mesoporous structure enhanced mass
transport and promoted the formation of H2O2.11,29 This arose
due to the fact that with larger pore sizes, H2O2 can move more
rapidly out of the catalyst layer, reducing its residency time and
the likelihood that it can be further reduced to form H2O. Thus, it
would also be of great scientiﬁc interest to selectively synthesize

■

RESULTS AND DISCUSSION
Catalyst Synthesis. Two diﬀerent defect-containing carbons
(MesoC and MicroC) were prepared from methods reported
previously.30,31 These methods employ similar precursors, albeit
modiﬁed synthetic procedures, to achieve distinctly diﬀerent
pore sizes. Both carbons were prepared using phenol or a phenol
derivative (phloroglucinol) and formaldehyde as precursors.
MesoC used Pluronic F-127 act as the soft template, while
MicroC was prepared from an aerogel without adding any
templates.
Physical, Structural, and Chemical Characterization.
The pore structures of MesoC and MicroC were characterized by
gas sorption. MicroC shows signiﬁcant N2 uptake at a relative
pressure of <0.01, which is a typical characteristic of micropores
(Figure 1a). In contrast, MesoC shows the majority of N2 uptake
in the mesopore range. Pore size distributions calculated by
nonlinear density functional theory (NLDFT) reveal that
MicroC consists of a micropore volume of 0.29 cm3/g and a
mesopore volume of 0.07 cm3/g, with an average pore size of
<0.5 nm. MesoC consists of a micropore volume of 0.03 cm3/g
and a mesopore volume of 0.69 cm3/g, with an average pore size
of ∼4 nm. Transmission electron microscopy (TEM) imaging
conﬁrms the mesoporous features of MesoC (Figure S1a). The
measured BET surface areas of MesoC and MicroC are 425 and
740 m2/g, respectively.
Raman spectroscopy showed that MesoC and MicroC have
intense G-band and D-band contributions (Figure 1b). The Dband to G-band intensity ratio (ID/IG) was calculated to be 1.04
and 1.00 for MesoC and MicroC, respectively, indicating a
similar content of defects. High-resolution TEM (HRTEM)
further conﬁrms the existence of defects (Figure S1b,d), whereby
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ORR Activity. Figure 2a shows the linear sweep voltammograms collected at 1600 rpm in an O2-saturated electrolyte, along

Figure 1. (a) Nitrogen adsorption and desorption isotherms at 77 K and
pore size distributions of MesoC and MicroC. (b) Raman spectra of
MesoC and MicroC. The ID/IG ratio for each sample is also indicated.
(c) X-ray photoelectron spectroscopy survey scan for MesoC and
MicroC, with the O content indicated. A high-resolution scan of the C 1s
peak is shown in the inset. (d) NEXAFS spectra of the C−K edge for
HOPG, MesoC, and MicroC.

Figure 2. (a) RRDE voltammograms at 1600 rpm in an O2-saturated 0.1
M KOH electrolyte with the disc current density and ring current
density adjusted by collection eﬃciency. (b) H2O2 selectivity as a
function of the applied potential. Koutecky−Levich plots of (c) MesoC
and (d) MicroC at diﬀerent potentials. The theoretical lines for n = 2 and
n = 4 are shown for comparison. The number of electrons transferred, n,
and H2O2 selectivity can be correlated as follows: % H2O2 = (2 - n/2) ×
100%; e.g., n = 2.40 yields 80% H2O2.

both carbon materials contain a disordered and isotropic
structure that consists of tightly curled carbon layers. Some of
the distances between the layers are larger than the lattice spacing
of graphite, 0.335 nm, which may indicate the presence of
structural defects within each layer.
The surface composition of these carbon materials was
analyzed by X-ray photoelectron spectroscopy (XPS). Only
carbon and oxygen were detected, with MicroC possessing a
higher oxygen content (4.3 atom % vs 3.8 atom %). The nearly
overlapping C 1s feature shown as the inset of Figure 1d
demonstrates the similar chemical identity of carbon surface
atoms on both MicroC and MesoC. Deconvolution of the C 1s
line has been used previously to quantify the diﬀerent types of C
in carbon materials, such as CC, C−C, C−OH, CO, and
OC−OH.15,28 Nevertheless, distinguishing between sp2 and
sp3 bonds by means of XPS remains a challenge because of
similarities in chemical shifts. To gain more detailed insights into
the local electronic structure, in particular to more accurately
characterize the sp2- and sp3-like character of the carbon
structures, we employed near-edge X-ray absorption ﬁne
structure spectroscopy (NEXAFS).
Figure 1d shows the NEXAFS spectra of MesoC and MicroC
along with a reference highly ordered pyrolytic graphic (HOPG)
sample. HOPG shows the characteristic π* resonance from sp2like carbon at 285.3 eV, the core-exciton peak at 291.65 eV
associated with long-range sp2 order, and σ and extended
oscillations from a well-ordered sample. Both MesoC and
MicroC show signiﬁcant intensity in the π* region, evidencing a
primarily graphitic network, and both have signiﬁcant intensity in
the region between 286 and 290 eV that can be attributed to
electronegative functional groups (e.g., the peak near 288 eV is
associated with carboxyl-like carbonyls, CO). The broad π*
feature for MesoC and MicroC compared to HOPG suggests
that these samples have a larger number of sp2 carbon defect sites.
In particular, as has been observed in aromatic compounds,
lower-energy states can be associated with more unstable
aromatic functionalities, supporting the prevalence of defect
states in an sp2-dominated matrix.32 The absence of a core−hole
exciton (∼291.8 eV) in these two carbon materials indicates the
long-range sp2 network has been broken.33 This is consistent
with the HRTEM images shown in panels b and d of Figure S1, a
reasonable expectation given the method of synthesis.

with the collected ring currents adjusted for collection eﬃciency.
Both carbon materials exhibit activity and selectivity for the twoelectron ORR, with an onset potential very close to the
thermodynamic equilibrium potential of 0.7 V (vs RHE) and
able to reach the mass transport limiting current of ∼0.5 V versus
RHE. At most potentials investigated, the two-electron ORR
mechanism is favored, in some cases reaching >70% selectivity
(Figure 2b). At the more positive electrode potentials, closer to
0.7 V versus RHE, the four-electron ORR mechanism plays a
more prominent role. It is worth noting that the onset potential
for the two-electron process is slightly more positive than 0.7 V
(vs RHE), which may be attributed in part to the four-electron
ORR, thermodynamically allowed at those potentials, and a pH
eﬀect discussed below. Compared with MesoC and MicroC,
HOPG is quite inert and produces insigniﬁcant current. This is
consistent with NEXAF observations, showing that HOPG is
highly ordered with negligible defective sites that are able to
actively reduce oxygen.
The high selectivity toward H2O2 for these catalysts is further
conﬁrmed with the Koutecky−Levich plots (Figure 2c,d). The
number of electrons transferred (n) calculated for both MesoC
and MicroC is close to 2, consistent with the high selectivity
observed by the rotation ring disk electrode (RRDE) measurements. From both techniques, MesoC shows a selectivity slightly
higher than that of MicroC. The activity of MesoC is also greater,
as evidenced by the approximate 60 mV diﬀerence between the
two curves in the onset region.
The high activity and selectivity for H2O2 for both MesoC and
MicroC could reﬂect the performance of defect sites, as both the
Raman and NEXAFS spectra indicate a signiﬁcant presence of
defects in both materials. Further below, we describe DFT
studies aimed at elucidating the role of carbon defects in
graphene for the two-electron ORR.
Both MesoC and Micro C exhibit favorable H2O2 selectivity
with maxima of >70%, as measured by direct sampling at the
rotating ring of the RRDE (Figure 2a,b). The selectivity of
MesoC is consistently higher across most of the potential range
investigated, a diﬀerence that might be explained by diﬀerences
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11000 cyclic voltammograms between 0.2 and 1.1 V versus RHE
at a scan rate of 200 mV/s, over 20 h of continuous cycling.
Periodic evaluation of ORR activity throughout ADT revealed
that MesoC remained stable during the whole process while
MicroC exhibited some decay in both onset potential and current
density (Figure 3a,b).

in pore sizes between the two materials. Any H2O2 generated
deep within these porous carbon catalysts must be able to diﬀuse
out through the pores without decomposing for it to be detected
at the ring. This poses a challenge for both MesoC and MicroC
catalysts given their high degree of porosity, particularly for
MicroC with its characteristic pore size of <1 nm.
Koutecky−Levich analysis is another means of assessing
selectivity. By this metric, both catalysts exhibit selectivities in the
range of 80−100%, somewhat higher than that measured by the
RRDE method. The chemical disproportionation of H2O2 or
HO2− into O2 and H2O is a well-known process34 that impacts
the electrochemical measurements in several ways. For one, the
decomposition of the product would naturally decrease the
amount of H2O2 reaching the rotating ring of the RRDE
compared to that expected by Koutecky−Levich analysis,
consistent with our data. Second, the O2 bubbles generated by
this process could also be trapped inside the pore structures,
blocking access to catalytic sites and ultimately decreasing the
total current density drawn; under these conditions, a full fourelectron pathway would exhibit a current density of approximately 5.7 mA/cm2, while a standard two-electron pathway
would be half of that.35 A further complication to analysis is the
subsequent electrochemical reduction of any O2 generated
locally by chemical disproportionation. Reducing this O2 back to
peroxide represents a cycle that could in principle repeat over and
over, pushing n (number of electrons transferred) toward values
higher than that anticipated for a given intrinsic selectivity for
H2O2 versus H2O.36 At this point, there is insuﬃcient
information about how chemical disproportionation occurs in
MesoC or MicroC or about the fate of the disproportionation
products within these two materials, which would allow for
precise quantitative comparisons of their intrinsic selectivities
toward H2O2 production based on diﬀusion-limited current
densities or Koutecky−Levich analysis. For this reason, we report
selectivity data based on the most conservative measurement,
that of direct sampling of H2O2 at the ring of the RRDE. This
measurement provides a minimum value for intrinsic selectivity
toward H2O2.
It is preferable to conduct the two-electron ORR in neutral or
slightly acidic environments considering the ﬁeld application
because most of the stabilizers are weak acids.37 As such, MicroC
and MesoC were also examined at other pHs (Figure S2). Under
pH-neutral conditions (pH 7), the high selectivity for H2O2
(>70%) is preserved for MesoC while that of MicroC is
somewhat lower. There is a 0.2 V delay in the onset potential
region for both catalysts (Figure S2a,b). Moreover, an electrolyte
pH eﬀect was also observed, whereby activity is greatly reduced
under acidic conditions (Figure S2c,d). On the basis of a previous
study on gold surfaces in basic media,38 the rate-determining step
for the reaction could involve a proton−electron decoupled
electron transfer, with HO2− generated through the disproportionation of the ﬁrst O2− intermediate. One hypothesis for the
change with a diﬀerent pH is that the rate-determining step of
this reaction is pH-independent. However, further investigations
into mechanistic aspects will be needed before strict conclusions
can be drawn.
ORR Stability. Stability is a key catalyst performance metric
to consider; longer operational lifetimes would beneﬁt the
techno-economics of this technology. As the primary product of
the process, H2O2, is a highly reactive oxidizing agent, a
commercial device for this process would be subject to a harsh
chemical environment. To examine catalyst stability, we
performed accelerated durability testing (ADT) by measuring

Figure 3. Stability performance of (a) MesoC and (b) MicroC in a base.
(c) Capacitance measurements under a N2 atmosphere for MesoC and
MicroC before and after stability tests. (d) Capacitance measurement
under a N2 atmosphere for MicroC with diﬀerent mass loadings.

To investigate possible changes to the materials themselves
before and after ADT, we measured capacitance curves before
and after the 11000-cycle ADT, collected in the absence of O2 by
saturating the electrolyte with N2 (Figure 3c). The capacitance
behavior of MesoC is nearly identical before and after ADT;
however, that of MicroC changes signiﬁcantly, an indication of
changes to the material itself. Subsequent studies at various
loadings of MicroC (Figure 3d) reveal that the shape of
capacitance curves is not strongly dependent on loading, and
hence, the observed changes in capacitance curves before and
after ADT are not likely due to a mechanical loss of catalyst
(detachment). Considering the similar chemical compositions of
MesoC and MicroC, the diﬀerences in their response to ADT
could be related to diﬀerences in their characteristic pore sizes, an
area for further investigation.
Interestingly, the capacitance measurements in Figure 3c
indicate that MesoC has an electrochemically active surface area
(ECSA) that is larger than that of MicroC, despite MicroC’s
larger BET surface area. This suggests that the microporous
nature of MicroC is generally less accessible to the electrolyte
than the mesoporous structure of MesoC is, consistent with
expectations for mass transport in <1 nm pores and in line with
the discussions presented above regarding the comparisons of
activity and selectivity between the two catalysts. To further
conﬁrm the diﬀerence in accessibility between MesoC and
MicroC, ECSAs of these two materials were determined (Figure
S3). MesoC gives an ECSA of 673.25 cm2/mg, much larger than
that of MicroC (406.75 cm2/mg). The electrochemical currents
were also plotted with normalization by ECSA. As shown in
Figure S3c, MesoC and MicroC give similar H2O2 current
densities (vs ECSA). This is consistent with experimental
ﬁndings: because both carbon materials have similar defect
content, the inherent activity should be close between them, and
it is the pore structures that aﬀect the overall current that is
produced. The change in capacitance behavior of MicroC before
and after ADT could potentially be related to the greater
sensitivity of microporous surfaces to chemical and physical
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phenomena during reaction, including oxidation induced by
H2O2 and the chemical disproportionation process that forms
chemically reactive radicals as well as O2 bubbles that can
mechanically impact the material. Eﬀects such as these have been
investigated in studies involving the oxidation of carbon supports
in polymer electrolyte membrane (PEM) fuel cells,39,40 in
particular when catalysts that are selective toward the twoelectron pathway are involved. Ultimately, the activity, selectivity,
and stability measurements on MicroC and MesoC suggest that a
mesoporous structure is more favorable for H2O2 production,
along with long-term operational stability.
The results presented above have implied highly defective sites
and large pore sizes are desired for ideal ORR catalysts to
produce H2O2 with high activity, selectivity, and stability. To
further conﬁrm this ﬁnding, a commercial mesoporous carbon,
CMK-3, has been tested. As reported in our recent work,41
CMK-3 has a surface area and a mesopore volume much larger
than those of MesoC. NEXAFS spectra suggest it also has a
higher content of sp2 carbon defect sites (Figure S4).
Consistently, CMK-3 exhibits high stability and gives a much
earlier onset potential of a higher current and improved H2O2
selectivity (>90% at 0.6 V vs RHE).
Theoretical Results. During the synthesis of nanostructured
carbons, a wide variety of defect conﬁgurations may be formed
because of chemical treatment and pyrolysis step(s).23 It is wellknown that defects can tailor the electronic structure of carbon
materials and signiﬁcantly modulate their oxygen reduction
activity.23,42 For example, pentagonal defects have been recently
reported to make a signiﬁcant contribution to oxygen reduction
activity in carbon-based metal free catalysts.42 Herein, we use
computational approaches to investigate a wide variety of defect
conﬁgurations to understand their role in oxygen reduction. We
study two-dimensional graphene sheets as model systems and
introduce diﬀerent types of defects (Figure S4), including
pentagon edges (Supporting Information), single vacancies (SV)
as well as double vacancies (DV) such as 555-777, 5555-6-7777,
555-6-777, and Stone Wales 55-77. We also consider three
diﬀerent line defects, including 55-8-55, 55-77, and 555-777.
Here 5−8 refer to the pentagon, hexagon, heptagon, and
octagon, respectively, in the defect conﬁguration. Our calculations indicate that the pentagon edge, SV, and 585 DV are too
reactive to contribute to oxygen reduction catalysis, while other
DVs are able to catalyze ORR (Supporting Information). Figure
4a displays the most active defect conﬁgurations with the
outlined active site located at the ﬁve member rings.
We start by modeling the adsorption energies of ORR
intermediates, namely, O*, OH*, and OOH*, for all the
considered defect conﬁgurations. Our calculations indicate
scaling relationships between the adsorption energies of the
OH* and OOH* (Figure S3). These scaling relationships are
very similar to those observed for transition metals,41 transition
metal oxides,42 and other two-dimensional material surfaces.43
Because the energies of all adsorbates scale with each other, we
can use one of them to underline the activity of the carbon-based
materials toward both two- and four-electron reduction
reactions.4,8 We use ΔGOH as a descriptor and plot the activity
volcano. Limiting potential, UL, is used as a metric of activity,
deﬁned as the lowest potential at which all the reaction steps are
downhill in free energy. Figure 4b displays the calculated limiting
potential as a function of ΔGOH for both two-electron and fourelectron reduction reactions.
As shown in Figure 4b, the right side of the two-electron
volcano (weak binding side) partially overlaps with the right side

Figure 4. (a) Diﬀerent defect type conﬁgurations examined in this study.
D1−D8 are double-vacancy defect types with nonhexagonal ring
members. D1 and D6 display diﬀerent active sites in 555-6-777 double
vacancies. D2 and D4 are 555-777 line defects, and D2 is 55-8-55 line
defects. D3, D7, and D8 are 555-777, 55-77, and 5555-6-7777 doublevacancy defects, respectively. Numbers 5−8 refer to the pentagon,
hexagon, heptagon, and octagon, respectively. (b) Two-electron (red)
and four-electron (black) ORR-related volcano plots for the electroreduction of O2 to hydrogen peroxide and water, respectively, are
displayed with the limiting potential plotted as a function of ΔGOH. Both
volcano plots are based on the RHE scale. The equilibrium potentials for
both two- and four-electron ORR are shown as dashed red and black
lines, respectively. Blue squares display the activities of the Pt(111)
surface adapted from ref 5. PtHg4 and Pd/Au alloys adapted from ref 8.

of the four-electron volcano. Far to the right side, the oxygenated
species bind too weakly to the surface, and therefore, the O−O
bond is preserved. This results in increased selectivity toward
H2O2 formation; however, it comes at the cost of large
overpotentials for the reaction. The theoretical overpotential,
deﬁned as the maximum diﬀerence between the limiting
potential and equilibrium potential for the two-electron path, is
governed by the binding of OOH*. This is furthermore directly
related to the binding energy of OH* due to the scaling relations
that exist between oxygenated intermediates. Therefore,
controlling the overpotential is a matter of tuning the free
energy of OH*, whereby the overpotential will be zero if the free
energy diagram is ﬂat at the equilibrium potential of 0.70 V versus
RHE.8
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It is important to note that all of the studied defects are located
on the right side of the two-electron volcano, indicating that they
bind oxygenated species weakly. As a result, successfully
adsorbing these intermediates to the surface is a limiting factor
for ORR activity. However, some of the studied defects, such as
555-6-777 (D1), the 555-777 line defect (D2 and D4), and 555777 point defects (D3), bind oxygenated species at very favorable
energies for the electrochemical synthesis of H2O2. The activities
of these types of defects are expected to be close to or even higher
than that of the state-of-the-art PtHg4 for the two-electron
oxygen reduction to H 2 O 2 . Consistent with this, our
experimental characterizations reveal the existence of a variety
of sp2-type carbons in MicroC and MescoC, with both carbon
materials exhibiting good activity and selectivity toward the twoelectron ORR with an onset that is close to the thermodynamic
equilibrium potential. While it remains challenging to experimentally determine exact active sites, the modeling here suggests
that a promising direction is to further tune these active defects,
where even greater activity and selectivity could potentially be
achieved.44,45
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■

CONCLUSION
In this work, two diﬀerent porous carbon materials have been
synthesized and investigated as electrocatalysts for the synthesis
of H2O2 by means of two-electron oxygen reduction reaction
(ORR). Tailoring the synthetic methods allowed for control over
the pore structures, resulting in either a predominantly
microporous carbon (MicroC) or a predominantly mesoporous
carbon (MesoC) structure as measured by BET, with other
physical and chemical properties quite similar between the two
materials as measured by Raman spectroscopy, XPS, and X-ray
absorption spectroscopy. Electrochemical investigations show
that both carbons exhibit excellent performance under alkaline
conditions, both high activity as noted with an early onset
potential that is close to the thermodynamic equilibrium
potential (0.7 V vs RHE) and a high selectivity of >70% for
H2O2. While both catalysts performed well for the reaction,
MesoC demonstrated electrochemical accessibility greater than
and activity, selectivity, and stability better than those of MicroC,
characteristics that are likely attributed to the diﬀerent pore sizes
of the two materials, given their similar characteristics otherwise.
An electrolyte pH eﬀect on the reactivity is also observed.
Spectroscopic characterizations reveal that both MicroC and
MesoC contain sp2-type defects that may serve as the active sites
for the two-electron ORR. To explore this possibility further,
DFT calculations were employed to investigate a wide variety of
possible defect conﬁgurations. DFT results show that many types
of defects in model graphene systems are expected to show
selectivity for the two-electron ORR. Several of the defect
conﬁgurations modeled were identiﬁed as having activities as
high as, or even higher than, that of the state-of-the-art PtHg4 for
the two-electron reduction process. On the basis of these
observations, we assign the high activity of the experimentally
examined carbon-based materials to the presence of defects.
Further work to tune the types and concentrations of defects
could lead to further improvements in catalyst activity and
selectivity.
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