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ABSTRACT: Numerous modified-carbon catalysts have been 0 T v v v v
developed for the direct synthesis of hydrogen peroxide through BI K Higher Higher
electrochemical oxygen reduction. However, given the complex g ether or epoxy catalytic
structure of most porous carbons and the poor oxygen reduction <l concentratio peroxide activity
reaction (ORR) selectivity typically observed when they are E Solid-State *C NMR 000: H,0,
used as catalysts, it is still unclear which carbon defects are % m ® Ve
responsible for the high two-electron ORR activity typically g-z X L Ay
observed in these materials. Here, we study electrocatalytic O

peroxide formation activity of nitrogen-doped reduced graphene ! Vgl SO o Nitrogen-doped
oxide (N-rGO) materials to relate carbon defects to electro- Chemical shift (ppm) / fecucedpapieneloxide
catalytic activity. To do so, we selected two N-rGO electrodes -3 0'2 * 0'4 0.6 * 0.8
that selectively produce peroxide at all potentials studied (0.70— ' Potential (V vs. RHE) '

0.10 V vs RHE) under alkaline conditions. Oxygen reduction

studies, combined with material characterization, especially solid-state B3carbon nuclear magnetic resonance coupled with magic
angle spinning and cross-polarization, demonstrate that epoxy or ether groups in the N-rGO catalyst are likely associated with
the active sites that form peroxide at the lowest overpotential in alkaline media.

The electrochemical oxygen reduction reaction (ORR) is are important because reaction 1 serves as the desirable
important for the development of many sustainable cathode reaction for alkaline fuel cells, whereas reaction 2
energy technologies. ™ In general, the ORR can proceed produces hydrogen peroxide, the environmentally friendly
througl_ls one of two overall reactions in alkaline condi- commodity oxidant for many large-scale industrial processes, in

tions: its deprotonated form.””'* Electrodes composed of precious

O, + 2H,0 + 4e” - 40H™ U° = 1.23 Vvs RHE (1) metals, such as platinum (for 4~ ORR) or gold—platinum—

_ _ _ nickel nanoparticles (for 2e” ORR), generally have the best
0, + H,0 + 2¢” - HO,” + OH™ U°=076VvsRHE  (2)
U° is the standard equilibrium potential for each reaction,
calculated from the free energy of each reaction, and RHE is
the reversible hydrogen electrode.® Both 4e™ and 2e~ reactions



known catalytic oxygen reduction properties in terms of
activity and selectivity.”>"'~"* In alkaline conditions, some
carbon electrodes have achieved catalytic efficiency comparable
to these noble metal catalysts for both reactions 1 and 2.%"°~"*
Thus, numerous recent studies have identified various
modified carbons as promising alternatives to expensive
metal catalysts under alkaline conditions, particularly for the
2e” ORR (reaction 2)."° 7' These studies build upon decades
of research that explored ORR on well-defined carbon-based
materials, such as glassy carbon and oriented pyrolytic
graphite, that were shown to be selective for hydrogen
peroxide generation.n_26

However, the discovery that nitrogen-doped carbons,
including nitrogen-doped reduced graphene oxide (N-rGO),
can selectively catalyze the 4~ ORR (reaction 1) in alkaline
conditions has triggered intense research into their activity,
selectivity, and stability.'>*"*” Unfortunately, poorly designed
nitrogen-doped carbon catalysts can activate both 2e™ and 4e”
ORR, thereby resulting in mixed selectivity that is undesired
for fuel cells that rely on reaction 1."**° To address mixed
ORR selectivity, researchers have attempted to identify the
active sites for the 4e™ oxygen reduction pathway in a variety of
nitrogen-doped carbons.” 12829 On the other hand, less effort
has been placed on understanding what active sites selectively
promote the 2e” ORR. Identifying such sites would be
beneficial for future carbon-based catalyst designs so that these
sites could be eliminated from catalysts where 4e” ORR is
required or to increase their concentration to enable more
efficient 2™ ORR.

Studies using porous carbon catalysts have primarily
presented two opposing views on 2e” active sites. One view
is that 2e” ORR is promoted by sites related to sp® carbons at
edge sites or that result from basal plane vacancies, while
others have suggested sp>-type defects close to heteroatom
sites.’”*! As a large subsection of the latter view, certain
oxygen functional groups, such as catechol and hydroquinone/
quinone couples, have also been proposed to facilitate peroxide
formation under alkaline conditions.”**® Carbon electrodes
with other heteroatoms, including nitrogen and fluorine, have
been investigated as a means of improving 2e~ ORR catalytic
activity and stability.””*” It has been proposed that
heteroatoms with a higher electronegativity activate 7 electrons
and induce charge redistribution, which changes ORR
intermediate adsorption on carbon materials to favor peroxide
generation.””*® However, it is still a challenge to accurately
correlate sgeciﬁc oxygen functionality with efficient peroxide
formation,”>**?7%?

A recent study of well-defined nitrogen-doped nanocarbons
has suggested the possibility that carbon atoms near electron-
withdrawing pyridinic nitrogen are related to ORR activity
regardless of 2e™/4e” selectivity.”* More recently, oxidized
nanocarbons, including nanotubes and mildly reduced GO,
without nitrogen doping have been shown to significantly
improve peroxide formation activity in alkaline media due to
the high activity of defect sites related to ether or carboxylic
acid groups.'®"” Of note, it is widely accepted that more
defective carbon materials exhibit higher catalytic activity for
the 2e~ ORR.>**® However, detailed studies on carbon defects
for the 2e” reaction are still lacking given the difficulty of
identifying carbon catalyst active sites.

Here, we attempt to relate electrocatalytic peroxide
formation activity to carbon defects associated with oxygen-
and nitrogen-containing groups within N-rGO materials in

alkaline conditions. To do so, we first synthesized two N-rGO
materials with different defect compositions, both of which
catalyze 2e~ ORR selectively at pH 13, albeit with different
activities. The carbon defects in each of the synthesized N-rGO
materials were characterized by solid-state carbon-13 nuclear
magnetic resonance (3C ssNMR) with magic angle spinning
(MAS) and common X-ray-based tools, including X-ray
photoelectron spectroscopy (XPS) and near-edge X-ray
absorption fine structure (NEXAFS). Our results reveal that
high 2e™ alkaline ORR activity is related to the inclusion of
epoxy and ether groups in the N-rGO structure rather than
other functional groups, including those related to nitrogen.
Generally, typical nitrogen doping of GO has been
conducted through one of two main procedures: hydrothermal
treatment or pyrolysis in the presence of a small molecule
nitrogen-doping agent. Both can be tuned to control nitrogen
defect type and dopant concentration. However, these
nitrogen-doping methods simultaneously eliminate oxygen
functional groups in GO, which then results in high degrees
of aggregation in the prepared N-rGO catalysts.”” This causes
most N-rGO basal plane surface area to be buried within large
aggregates, disallowing any active sites on the basal plane from
participating in the ORR catalysis.'® To this end, a gentle
synthesis of N-rGO was carefully designed to introduce
nitrogen functional groups and minimize oxygen elimination
(denoted as N-rGO(E)). Briefly N-rGO(E) was synthesized
through a simple mild thermal treatment with ammonium
hydroxide (NH;OH) as both the nitrogen doping and
reduction agent at low temperatures (80 °C). To inhibit
aggregation, the as-prepared N-tTGO(E) was redispersed in
ultrapure water from the original reaction solution without
drying before the redispersion. A more detailed description is
included in the Supporting Information. Incorporation of
nitrogen dopants (~5.1 at. %) in N-tGO(E) was confirmed
using elemental analysis (EA). A second N-rGO catalyst (N-
rGO(H)) was synthesized using a general hydrothermal
reaction of GO, urea, and NH;OH at 140 °C, which created
a higher nitrogen content (9.5 at. %) than the mild method
mentioned above (a similar redispersion method was also
implemented for this material). The total nitrogen and oxygen
content in each material studied is shown in Table 1.

Table 1. Atomic Percent of Carbon, Nitrogen, and Oxygen
in the Prepared N-rGO(E) and N-rGO(H) Catalysts
Measured by Elemental Analysis

samples carbon (at. %) nitrogen (at. %) oxygen (at. %)
N-rGO(E) 77.8 5.1 17.1
N-rGO(H) 78.8 9.5 11.7

It is worth noting that N-rGO materials contain numerous
carbon defects associated with oxygen and nitrogen sites, such
that a precise chemical structure analysis is unattainable.
However, we use here a combination of XPS, NEXAFS, and
solid-state NMR to characterize the defect site distributions in
each N-rGO material as completely as possible. Given the
relatively high nitrogen and oxygen concentrations in these
materials (Table 1), we expect that both likely consist of small
conjugated sp” carbon islands that are isolated from each other
by regions containing various carbon, oxygen, and nitrogen
defects, thereby resulting in low overall material electrical
conductivity.‘zg"?’9 XPS and NEXAFS results (Figure 1)
demonstrate that the two synthetic routes lead to slightly
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Figure 1. Chemical structures of two N-rGO catalysts. (a) High-resolution C 1s, XPS spectra, (b) carbon K-edge NEXAFS spectra, (c) N 1s XPS
spectra, (d) nitrogen K-edge NEXAFS spectra, (e) O 1s XPS spectra, and (f) oxygen K-edge NEXAFS spectra of N-tGO(E) and N-rGO(H)
powder samples. All data were collected on powder samples deposited on a Si wafer.

different carbon defects associated with nitrogen and oxygen
functionality. For example, a peak present in the N-rGO(E)
(but not N-rGO(H)) C 1s XPS spectra around 287 eV can be
ascribed to additional oxygen functional groups on the basal
plane in the N-rGO(E) (Figure la). There are similar
differences in the carbon K-edge NEXAFS, namely, that a
strong absorption peak at 288 eV that has been previously
ascribed to C—O bonding is easily observed in N-rGO(E) but
is much less pronounced in N-rGO(H) (Figure 1b).*

In addition, when these C1 XPS spectra (Figure la) are
compared to that of the starting GO material (Figure S1), the
reduction of the peak at 289 eV, which is typically ascribed in
the literature to carboxylic acid groups at the edge of GO
sheets, indicates that these carboxylic acid functionalities are
substantially eliminated during the reduction processes, likely
because NH;OH attacks carboxylic acid groups.”'

On the other hand, both materials likely contain similar
nitrogen defect distributions as analyzed by XPS and NEXAFS
(Figure 1c,d), indicating that both N-rGOs differ only in total
nitrogen content rather than the type of nitrogen defects. Of
particular importance, the largest difference between these two
materials is their oxygen defect distributions, as is shown by
XPS and NEXAFS (Figure le,f). This difference is most readily
observed in the pronounced difference in the oxygen K-edge
NEXAFS starting around 535 eV, where signatures associated
with C—O (z*) and O—H (#*) are observed, indicating that
more epoxy or hydroxyl groups are present in N-tGO(E) than
in N-rGO(H).'® The oxygen K-edge NEXAFS combined with
the C 1s XPS indicate that N-rGO(E) possesses more carbon
defects related to epoxy and hydroxyl groups than N-rGO(H).

To further characterize the defect structure in each material,
solid-state '*C NMR coupled with magic angle spinning (**C
MAS ssNMR) is performed, with a specific focus on epoxy and
hydroxyl groups given the NEXAFS and XPS characterization.

The characteristic peaks of these functional groups generally
overlap in other commonly used spectroscopic tools, including
XPS, which necessitate deconvolution methods that are prone
to error. As will be shown here, *C MAS ssNMR provides a
more sensitive analysis of carbon defect composition than XPS
or NEXAFS.* No studies have correlated ORR activity with
defects using *C MAS ssNMR because the complex structure
of GO makes it difficult to attain a high signal-to-noise (S/N)
ratio.”> However, recent advances, including two-dimensional
(2D) *C ssNMR and 'H to *C cross-polarization CP MAS
("H-"C CPMAS ssNMR), have been implemented to
characterize GO’s defect structure with great efficacy.*”*
The *C ssNMR analysis indicates that both nitrogen-doping
procedures result in a structural change from the pristine
starting material, untreated GO (Figure 2). Of note, the direct
BC pulse spectrum of GO is almost identical to literature
reports (Figure 2).*> Also, certain peaks in the GO spectra
remain in both N-rGO materials. For example, the graphitic sp>
carbon signal at 120 ppm dominates both N-rGO(E) and N-
rGO(H)." This signal is shifted upfield by 9 ppm compared to
GO’s spectra due to increased electron density of sp” carbon,
providing evidence of sp® carbon restoration in the N-rGO
samples.”” A strikingly strong and broad signal in both N-rGO
powder spectra is observed at around 175 ppm but is not
detected in the GO spectra, which is generally assigned to
aromatic carboxylic acids or imine (C=N) functionality.*
However, ammonium hydroxide, which was used as the
nitrogen doping and reducing agent in this study, can react
with carboxylic acid groups of GO in a similar fashion to an
amide hydrolysis reaction.”’ As a result, the peak intensity of
the carboxylic acid groups of both materials (289 eV) in C 1s
XPS is lower than that of GO (compare Figure la and Figure
S1).** This therefore suggests that the strong signal observed
in each material near 175 ppm is due to the presence of a
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Figure 2. Solid-state '*C MAS NMR spectra of N-rGO materials. (a)
Direct *C pulse of N-rGO(E), N-rGO(H), untreated GO powder
samples obtained with 10 kHz MAS, and a 90° “C pulse (2560
scans). (b) "H—"3C CP spectra of three materials obtained with 10
kHz MAS and a contact time 0.1 ms (1280 scans). The direct '*C
MAS experiment can detect all carbon environments, while 'H—"3C
CPMAS can detect carbons that experience a '"H—"C dipole—dipole
interaction, i.e., carbons in covalent proximity to C—H bonds. The
direct '3C MAS spectra exhibit three major signals assigned to C—O
(60—80 ppm), graphitic C=C (110—130 ppm), and C=N (170—
190 ppm) groups.””~* On the other hand, the 'H—'3C CPMAS
reveals signals of carbon associated with specific proton-containing
moieties, such as C—OH (70 ppm), C—NH (75 ppm), C—O—CH
(88 ppm), and heteroaromatic sp* carbon (105 ppm).*>**

nitrogen-containing functlonahty, for example, an imine (C=
N) as was reported earlier.** In particular, a similar intensity
between this imine signal and the graphitic sp* carbon signals is
observed in '"H—">C CPMAS ssNMR (Figure 2b). Considering
the low carboxylic acid concentration, as indicated by XPS and
NEXAFS analysis, we can ascribe the imine signal centered
around 175 ppm to the presence of pyridinic nitrogen groups.
In addition, both "H—"3C CPMAS ssNMR spectra, particularly
the N-rGO(E) spectrum, unveil a new chemical shift at 75
ppm related to pyrrolic nitrogen (C—NH).* This signal is
difficult to identify by using direct '*C pulse spectra.

Upon comparison of the direct pulse *C NMR data, a small
but visible difference between the N-rGO(E) and N-rGO(H)
samples is the group of peaks in the 40—80 ppm range (Figure
2a). A peak at 60 ppm has been previously ascribed to epoxy
groups in GO, whereas a peak near 70 ppm has been ascribed
to hydroxyl groups.””** When compared to N-rGO(H), N-
rGO(E) appears to have a slightly stronger signal at both of
these chemical shifts, whereas N-rGO(H) exhibits a broad
peak without separation at those ranges. This implies that N-

rGO(E) has a slightly higher concentration of epoxy or ether
groups on its basal plane than N-rGO(H), which is in good
agreement with the O K-edge NEXAFS data (Figure 1f).

When comparing the 'H—'*C CP-MAS ssNMR spectra of
the GO starting material (Figure 2b) and the N-TGO(E), we
note that all peaks observed in the GO spectrum are also
present in the N-tGO(E) spectrum, although a few new peaks
are observed in the N-rGO(E) at 88 and 105 ppm (Figure 2b).
This suggests that that mild reduction used to create the N-
rGO(E) sample allows a reasonable number of carbon defect
sites associated with epoxy or ether groups in the GO to
remain intact. The peaks at 88 and 105 ppm are consistent
with previous reports that ascribed them to protonated carbon
next to ether groups and heteroaromatic (especially five-
membered ring) carbon, respectively.*”** The GO character-
istic peaks are much less pronounced, although still present in
the N-rGO(H) sample.

Taking all above analysis into account, the chemical
structures of both N-rGO materials can be summarized as
follows. First, N-rGO(E) and N-rGO(H) exhibit almost
identical nitrogen defect distributions, but different defect
concentrations, with N-rGO(H) having a higher nitrogen
defect concentration (Table 1). Second, their oxygen defect
compositions are dissimilar, with epoxy groups existing at a
higher concentration in the N-rGO(E) than the N-rGO(H).
These slight differences should result in different electro-
chemical ORR activity, which we now discuss for alkaline
ORR.

The ORR selectivity and activity of both N-rGO catalysts
were examined by using methods developed previously.'® N-
rGO catalysts were coated on a commercial porous carbon
(PSO AvCarb carbon paper) substrate by using a simple dip-
coatlng method."® The catalyst loading weight was typically 15

ug/cm?, similar to the mass loadm% typically used in
electrocatalyst characterization studies.'”"”

Similar surface areas of both catalysts are obtained from
Brunauer—Emmett—Teller (BET) adsorption analysis (Figure
$2), indicating that the ORR activity difference between the
materials is likely not related to differences in their surface area.
The electrodes are characterized in a hermetically sealed H-cell
that allows pressure measurements of the calibrated headspace
volume to extract precise e”/O, values. O,-saturated potassium
hydroxide (KOH; 0.1 M) dissolved in ultrapure water was
used as the electrolyte. The cathodic response of each
electrode is examined using linear sweep voltammetry (LSV)
at a 2.0 mV/s sweep rate (Figure 3a).

ORR onsets at substantially higher voltages and greater
currents are observed at a given overpotential on each N-rGO
electrode compared to ORR on the uncoated substrate,
pristine PSO (Figure 3a). Both catalysts also show superior
peroxide activity to high surface area carbon black (Vulcan XC-
72, Figure S3). Upon comparison of the two N-rGO catalysts
to each other, N-tGO(E) shows higher activity than N-
rGO(H) at any given overpotential as well as a higher onset
potential. Both catalysts provide excellent selectivity for the
2e7 /0, process, as is observed in Figure 3b,c, which presents
oxygen and electron consumption as a function of time at
modest overpotentials (0.55—0.70 Vyyg) for each catalyst.
When performing similar oxygen consumption measurements
during LSV, we observe a 2e”/O, process at all potentials
down to 0.1 Vgpyp (Figure S4). A peroxide titration also
indicates that all O, consumed at each electrode is converted
to peroxide (i.e, a 1.0 O,/HO,” process is observed, Figure
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Figure 3. Electrochemical H,0, generation of N-rGO(E) and N-
rGO(H) electrodes. (a) The cathodic LSV of two catalyst-coated
electrodes measured at pH 13. The potential sweep rate was 2.0 mV/
s, and the initial O, pressure was 800 + 20 Torr. The ™ and O,
consumption at an N-rGO(E) (b) and an N-rGO(H) (c) electrode
for different applied potentials. Inset table is the ratio of e”/O, from
in situ measurements and of O,/H,0,, where H,0, formation is
measured using an ex situ iodometric H,O, titration on the electrolyte
after the potentiostatic measurements. These measurements followed
a 30 min open circuit potential hold that is not shown.

3b,c).'® These data taken together indicate that both N-rGO
catalysts are highly active and selective toward the 2e” ORR
reaction, although the N-rGO(E) catalyst appears slightly more
so given its more anodic onset potential and current rate.
Furthermore, the N-rGO(E) electrode represents an excellent
peroxide forming electrocatalyst at these conditions and is
comparable to other high-activity and selectivity electrodes
studied in alkaline conditions.'®

Stable cathodic responses are observed for both materials
during ORR at 0.6 V vs RHE for S h (Figure SS). Additional
ORR activity and kinetic properties are determined from Tafel
plots (Figure S6) of both materials acquired using an RDE at
2000 rpm to reduce mass transport limitations in O,-saturated

0.1 M KOH electrolyte. Assuming Butler—Volmer kinetics
govern the ORR mechanism of each catalyst, we extract the
Tafel slope, cathodic transfer coefficient, exchange current
density, and thermodynamic onset potential using a best fit of
the linear region of the Tafel plots (roughly 0.70—0.63 V)
(Table 2). Similar Tafel slopes, cathodic transfer coefficients,

Table 2. ORR Activity and Kinetic Parameters

N-rGO(E) N-rGO(H)
Tafel slope (mV/dec) 86 89
cathodic transfer coefficient 0.30 0.29
exchange current density (A/cm?®) 15 x 107¢ 6.0 x 107°
thermodynamic onset potential 0.752 Vpyg 0.747 Vyyg

and thermodynamic onset potentials are obtained for each
material. Among the extracted kinetic parameters, only the
exchange current density is substantially different between the
two catalysts, with the N-tGO(E) exhibiting a roughly 2.5-fold
higher exchange current density compared to N-+rGO(H). This
difference likely results from the higher concentration of active
sites (related to epoxy, ether groups) in the N-rGO(E)
material.

To bolster our claim of the importance of epoxy groups over
nitrogen-containing groups in the 2e” ORR activity, we have
prepared another N-rGO material (N-rGO(E)-60) following a
similar synthetic procedure as the N-rGO(E), but with a lower
reduction temperature (60 °C rather than 80 °C, as was used
for N-rGO(E)). The lower reduction temperature resulted in a
material with lower nitrogen content compared to N-rGO(E)
(ie, 3.2 at. % versus 5.1 at. % for N-tGO(E)). The oxygen
content of both materials is roughly equivalent, 17.1 at. % for
N-rGO(E) and 18.5 at. % for N-rGO(E)-60 obtained from
elemental analysis, as is epoxy content of both materials, as
indicated by XPS analysis. However, the N-rGO(E)-60 shows
comparable peroxide formation activity and identical peroxide
selectivity (see Figure S7). This suggests that peroxide
production activity is not directly related to the presence of
nitrogen functional groups in alkaline electrolytes and is
instead related to epoxy groups (as other spectroscopic
evidence indicates).

Some interesting conclusions are obtained from these
electrochemical data in combination with the chemical
structure of the two materials. First, no correlation was
observed between nitrogen defect concentrations and onset
potentials, as the material with a higher nitrogen-defect
concentration had a larger onset overpotential. This also
indicates that the carbon defects related to nitrogen functional
groups likely have less effect on peroxide formation activity.
Instead, based on the structural characterization of the two N-
rGO materials, our results strongly suggest that oxygen
functional groups likely play a pivotal role in HO,™ generation,
which is in strong agreement with our recent study of rGO
materials without nitrogen doping, where sp®> carbon near
epoxy or ether groups was identified as the most active site for
efficient HO,™ production in alkaline conditions.”®

Overall, carbons doped with heteroatoms, especially N-rGO,
have become increasin%IX important for oxygen reduction
electrocatalysts.”'>**#*>°%*7 =% Ag 3 result, many carbon-
based electrocatalysts have been developed to promote the
ORR; however, material characterization used in most studies
only provides limited information about their chemical
structure and, hence, possible active sites. In this study, we
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have combined XPS, NEXAFS, and direct C and 'H-'C
CP-MAS NMR to elucidate carbon defects related to nitrogen
or oxygen defects in N-tGO catalysts. Along with electro-
chemical oxygen reduction results, our data suggest that certain
carbon defects associated with epoxy or ether groups have a
more pivotal role in promoting peroxide formation activity
under alkaline conditions than other functionalities, such as
nitrogen defects, quinone/catechol groups, or carboxylic acid
edge sites. As a result, this study provides insight into material
characterization associated with carbon defects and the
electrocatalytic design of carbon-based materials for efficient
peroxide generation.
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