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1 | INTRODUCTION

Abstract

Selective electrochemical oxygen reduction (ORR) toward a two-electron (2e™)
pathway is an eco-friendly alternative method for H,O, synthesis to replace
the energy-intensive anthraquinone oxidation process. Carbon-based electroca-
talysts (CBEs) show great potential for practical H,O, synthesis. However, their
complex structures make it challenging to determine the nature of active sites
and to precisely control them. Herein, we show that precise modulation of the
chemistry and structures of holey graphene with edge sites enriched by
oxygen-containing functional groups can facilitate 2e~ ORR. These combined
functionalities could improve ORR performance under various pH conditions,
for example, resulting in an average of 95% H,O, selectivity, ~97% Faraday effi-
ciency, high productivity of 2360 mol kg.,, ' h™' in alkaline media. Density
functional theory calculations on the oxygen functional groups at the edge sites
revealed the most active site for 2e™ ORR is a synergy between ether (C—O—C)
and carbonyl (C=0) functional groups with nearly zero overpotential.
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drawbacks, including poor energy efficiency and the need
for organic waste disposal. Thus, alternative approaches

Hydrogen peroxide (H,0,) is an important chemical with
a wide range of applications, including chemical synthe-
sis, disinfection, wastewater treatment, and industrial
bleaching.™* The general industrial process for H,0, pro-
duction (so-called anthraquinone oxidation) has several

for sustainable and efficient H,O, generation have
attracted considerable attention.® Electrochemical H,O,
synthesis through the two-electron (2e™) oxygen reduc-
tion reaction (ORR) shows significant advantages over
other processes because it can leverage renewable energy
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sources and allows for on-site direct production of H,0,.*°
In principle, ORR proceeds through two competitive path-
ways of 2e~ or 4e~, with H,0, and H,O as the end prod-
ucts, respectively. The formation of HOO* intermediate and
its further protonation or dissociation, are the primary
determinant of selective ORR toward 2e~ or 4e~ pathways,
respectively.” Based on this mechanistic understanding, a
rational structure design of the electrocatalysts is necessary
for high activity and selectivity.”'° Numerous studies have
focused on the development of electrocatalysts with tun-
able structures, such as noble metals''"'® and alloys,'”"°
transition metal-based catalysts,”*>* single-atom induced
catalysts**® and carbon-based materials.**>> Precious
metals and their mercury alloys have the highest activity
and selectivity for 2e” ORR, but their high cost and the
hazardous properties of mercury hinders their widespread
application.>>*° In comparison, carbon-based electrocata-
lysts (CBEs) have been attracting attention as efficient,
sustainable, and cost-effective alternatives.

To enhance the electrocatalytic performance of CBEs, the
electronic structures are often modulated by introducing vari-
ous types of defects. In particular, previous studies indicate
that heteroatom doping,**">**"*® intrinsic defects,*® and oxy-
gen functionalization®**> are effective strategies for defect
engineering in promoting the 2e~ ORR. However, the nature
of the active sites in lattice defects remains unclear due to the
inherent complexity of the disordered structures of CBEs.
Most CBEs have intrinsic defects, such as Stone-Wales defects
and innumerable types of vacancies forming defect clusters.*
As these structural defects alter the local electronic structure
or charge density of the electron system for sp*bonding,
CBEs become active for overall ORR of 2e™ or 4e™ path-
way.* Several studies reported that diverse intrinsic defects
have been identified with superior active sites in a 46~ ORR
through facilitating the adsorption of oxygen and lowering
the energy barrier for the following reactions toward
H,0.*™ In contrast, Bao and coworkers demonstrated that
a wide variety of intrinsic defect configurations induce favor-
able 2~ ORR toward H,O, generation.”® Although proper
design of the defect structures, in line with these reports, is
necessary to achieve the desired reaction, practical challenges
remain for precisely controlling the lattice defects and crystal-
line structure, which is a major hindrance to further improv-
ing activity and selectivity for selective 2~ ORR.

Herein, we report a tactical approach for atomic scale
structural engineering using functionalized holey gra-
phene to facilitate highly efficient H,O, production via
2e” ORR. The designed graphene is made by “punching”
process followed by oxidation. Specifically, the disordered
regions in the hexagonal crystalline network of graphene
are removed, leaving holes on the basal plane by simple
heat treatment in air. The nanohole inevitably includes
the high density of the edge site,** which is further

modified with specific oxygen functional groups to achieve
better activity and selectivity. Such a tactical approach
leads to oxidized-holey graphene (O-HGr) that has a high
density of edge active sites with ether (C—O—C) and car-
bonyl (C=0) functional groups. In addition, the holey
structure can also significantly improve mass transfer in
the stacked graphene layers in the catalytic electrodes,
which is confirmed by systematic electrochemical imped-
ance spectroscopy (EIS) measurement. This specially
designed electrocatalyst shows high 2e~ ORR selectivity of
average 95% in a wide potential range (0.2 to 0.8 V, all the
following potential values are referred to RHE unless spec-
ified) and high productivity (2360 mol kg., * h™*, ~97%
of Faradaic efficiency [FE]) with excellent long-term sta-
bility. Density functional theory (DFT) calculations are
performed to investigate the activity trends across a range
of possible oxygen functional groups at oxygen-enriched
holes. This analysis reveals the nature of active site that
originates from a synergy between ether (C—O—C) and
carbonyl (C=0) functional groups with minimum 2e~
ORR overpotential. It also reveals that the activity drops in
acidic and neutral media originate from protonation of
C=o0 functional groups to form C—OH.

2 | RESULTS AND DISCUSSION

Among various nanostructure carbon materials, gra-
phene oxide (GO) is an attractive precursor for defect
engineering because it has a large proportion of sp®
hybridizations derived from abundant oxygen functional-
ities to sp> carbon atoms. Although several studies have
aimed to control the intrinsic defects of graphene electro-
catalysts, we took a different approach to conduct defect
engineering. In our synthesis, the defect clusters on the
basal plane of the graphene (Gr) were removed, leaving
the nano-hole behind. This holey graphene (HGr) was
then functionalized with specific oxygen functional
groups to form O-HGr. The detailed synthesis process is
illustrated in Figure 1. A mild thermal reduction of GO at
500°C in argon allowed formation of abundant defective
spots on the basal plane of Gr. HGr was subsequently
obtained by a simple “punching” process where Gr was
heated in air at 410 °C. Because in the basal plane of Gr,
the disordered areas are much combustible due to their
poor thermal stability compared with well-ordered areas,
they react with oxygen first and burn to form CO,, leav-
ing holes on the surface of Gr. The reaction temperature
was determined by the thermogravimetric analysis (TGA)
result (Figure S1). For the oxidation process, previous
studies have shown various types of approaches including
acid treatment,* electrochemical oxidation,** and O,
etching.’” As each method resulted in the different
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FIGURE 1 Schematic
illustration of the synthesis
process and microscopic
characterization of graphene
electrocatalysts. SEM (left) and
TEM (right) images of (A), Gr
(B) HGr, (C) O-Gr, and

(D) O-HGr

surface chemistries, we selected the nitric acid (HNO3)
treatment to introduce the specific oxygen functional
groups. It has been well known that since broken bonds
at the edges develop radical groups with accessible and
highly active electrons, carbon atoms localized on gra-
phene edges are more vulnerable to the chemical reac-
tion than those on the crystalline basal plane.*® Besides,
the reaction mechanism on the edges differs from that of
the basal plane. Thus, we can expect that HGr should
exhibit distinct oxidation behavior from Gr with more
selective functional groups at the edges of holes. Both
graphenes of HGr and Gr were finally oxidized into O-
HGr and O-Gr by reflux in the acid.

Scanning electron microscopic (SEM) and transmis-
sion electron microscopic (TEM) images in Figure 1 and
Figure S2 show a clear change in the microscopic mor-
phologies of the Gr before and after the punching. SEM
images (Figure 1A and C) for the non-holey Gr and O-Gr
exhibited a typical appearance of graphene-based mate-
rials, showing two-dimensional (2D) flat sheets with fine
wrinkles. On the nanometer scale, common disordered
structures were observed in TEM images. In the case of
HGr and O-HGr, not only macro-porous structures but
meso- and micro-porous sheets were observed in SEM
and TEM images, respectively. These distinctive porous
features are beneficial to enhancing the mass transport
of oxygen during the reaction. A distribution histogram
of hole diameter was determined by counting 400 holes
from the representative TEM images (Figure S3).
Furthermore, these kinds of 2D graphene morphologies

Punching

Heating in air

Functionalization
Acid treatment

have been proved to have fundamental importance in vari-
ous electrocatalysis fields,* especially in 2e~ ORR in
recent years.”” The crystalline and defective structures
were further visualized by XRD and Raman spectra
(Figure S4). A typical XRD pattern of Gr showed a broad
peak at 26 value of 25.2°, which corresponds to the (002)
plane of the graphitic structure.”® When the disordered
area in the basal plane of Gr was removed, the peak
became much sharper and shifted to a higher 20 value of
26.2°, which indicates a decreased interlayer distance from
0.36 nm to 0.34 nm. A possible explanation to account for
this physical variation is that since the crystallographic
defects in Gr generate lattice distortion which, in turn,
causes crystal expansion in the c-axis lattice parameter,”
the absence of the lattice defects in HGr leads to the
decrease in interlayer distance. Furthermore, displacement
of carbon atoms from the well-ordered crystalline struc-
tures should be a leading cause for broadening of the (002)
Bragg peak, which is a possible contribution to the sharper
(002) peak of HGr than that of Gr. The introduction of
oxygen functional groups on the graphene surface made
the (002) peak broader, and d-spacing increased again to
0.37 nm for O-Gr and O-HGr. Defective characteristics
were investigated by comparing intensity ratio of D and G
bands (Ip/Is) in the Raman spectra. The Ip/Ig value of
0.80 for Gr increased to 0.84 for HGr due to the formation
of in-plane holes. After oxidation, the value of I/Ig of Gr
further increased by 0.1 for O-Gr while a relatively small
variation of 0.02 was observed for O-HGr, implying the dif-
ferent response of Gr and HGr upon oxidation.
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Along with intrinsic defects, oxygen functional groups
are another crucial factor in determining the ORR perfor-
mance. Figure 2A shows the Fourier-transform infrared
spectroscopy (FT-IR) spectra for all the samples. The rep-
resentative spectrum of GO shows various oxygen spe-
cies. The characteristic of random distribution of diverse
C—O groups on GO is represented with a broad band at
900-1350 cm™". In this wide frequency range, hydroxyl,
carboxyl and ether groups have contributions in the «
(900-1100 cm ™) and f (1100-1280 cm ') regions, while
the y (1280-1400 cm ") arises from the presence of epox-
ide groups.>® Three other apparent peaks at 1640, 1750
and 3000-3700 cm ' are attributed to the sp>-hybridized
C=C (in-plane vibrations), C=0 double bond (carbonyl
and carboxyl) and O-H (hydroxyl and carboxyl), respec-
tively.” For the followed results of structure characteriza-
tion, we use terms “C—0O—C", “C=0” and “O=C—QO" as
symbols for ether, carbonyl and carboxyl groups, respec-
tively. Most of the oxygen species disappeared after ther-
mal reduction in the spectrum of Gr. Further heat
treatment of Gr in air resulted in the reintroduction of
C—0—C, 0=C—0, and C=O groups into HGr, which
were further confirmed by X-ray photoelectron spectros-
copy (XPS) and electron energy loss spectroscopy (EELS)
results. After oxidation, the spectra for O-Gr and O-HGr
looked similar, with more distinct peaks of ether
(C—0—C) and carbonyl (C=0).

(A) (©)

Based on the FT-IR results, XPS was used to elucidate
the chemical state of the oxygen functional groups, with
the survey spectra, specific C 1 s spectra and deconvo-
luted O 1 s spectra shown in Figure S5-S7. The detailed
information of the peak deconvolution is summarized in
Table S2 and S3 (ESIT). The specific oxygen contents are
presented in Figure 2B, which compares the specific con-
tributions of various oxygen species. The quantified
atomic concentrations (atomic %) of oxygen were calcu-
lated to be 10.30, 18.04, 39.10, and 31.26 for Gr, HGr,
O-Gr, and O-HGr, respectively, which is consistent with
the Raman results in terms of defect formation behavior.
The detailed XPS results provide insights into the forma-
tion of oxygen functional groups in each step. During the
thermal reduction of GO, most of the hydroxyl groups
(—OH) were removed, while some of relatively thermo-
stable oxygen groups including ether (C—O—C), carbonyl
(C=0), and carboxyl (O=C—O0) groups remained.’* The
remaining oxygen content slightly increased after the
“punching” process as the edge hole was decorated with
a small dose of the oxygen species by combustion of
defects in air.

More functional groups were then introduced by acid
treatment in Gr and HGr. Carbonyl (C=0) and ether
(C—0—C) groups were found to be the main components
of O-HGr, whereas O-Gr contained more carboxyl
(O=C—O0) groups. Given that different main functional
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Structural characterization of graphene electrocatalysts. (A) FT-IR spectra of GO, Gr, HGr, O-Gr, and O-HGr.

(B) Summarized oxygen contents derived by the high resolution of XPS C 1 s and O 1 s spectra of Gr, HGr, O-Gr, and O-HGr. (C) STEM
images (scale bar: 25 nm). The cross marks on the images indicate the chosen regions for STEM-EELS measurement. The P, E, and H as
alphabetic symbols represent plane, edge, and hole, respectively. (D) EELS spectra at the O K-edge for all samples
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groups were formed between the two oxidized graphenes,
we hypothesized that the edge holes of O-HGr were
mostly enriched with carbonyl and ether functional
groups, whereas the non-crystalline areas of O-Gr were
dominated by carboxyl groups along with the other two
functional groups. To verify this assumption, we investi-
gated the local atomic configuration of oxygen using
EELS spectra. Zones in the basal planes, edges, and holes
were specifically selected for EELS measurements, as
shown in the STEM images (Figure 2C) and the corre-
sponding spectra at the O K-edge were presented in
Figure 2D. All spectra showed average molecular orienta-
tion over all oxygen covalent bonds, which had distinct
tensor natures, as is further discussed below. The spectra
in the basal plane regions of Gr exhibited a negligible
peaks from 540 to 550 eV, indicating a few remaining
oxygen groups (as demonstrated by FT-IR and XPS analy-
sis) that were not found around the edges of the Gr sheet.
The spectra of the HGr basal planes showed no character-
istic signals, similar to those of Gr. However, the spectra
near the hole edges showed more apparent peaks
between 533 and 550 eV, resulting mostly from ether
(C—0—C) and for the rest from carbonyl (C=0) and car-
boxyl (0—C=0) groups.” Thus, it could be assumed that
most oxygen functional groups were ether groups and
concentrated in the hole edges of HGr. After acid treat-
ment of Gr and HGr, we could further observe the differ-
ent functional group formation derived by the structural
distinction depending on the presence of the holes in the
basal plane. On close examination of the spectra for O-
HGr in the zone of the hole edges, a conspicuous signal
was observed at approximately 532 and 539 eV, which
can be attributed to the transition from the 1 s state to
the z* orbital originating predominantly in carbonyl and
ether from vacancy defects®*>° at the edges of the holes,
respectively. These distinct signals became weak in the
O-HGr plane spectra, further confirming that the ether-
carbonyl couple is formed at the hole edges of O-HGr. As
for O-Gr, while the plane spectra appeared similar with
those of O-HGr, the edge ones presented relatively small
peaks at 534.5 eV assigned to C=0 z* transition for car-
bonyl and carboxylic groups along with the o* signal
between 545 and 552 e€V.>” Based on the structural analy-
sis, the four distinct features of functional group forma-
tion for each graphene catalyst are expected to function
differently to tailor ORR activity for H,O, production.
We evaluated the electrochemical performance of the
prepared electrocatalysts toward H,O, production using
the rotating ring disk electrode (RRDE) setups. The
obtained polarization curves in alkaline (0.1 M KOH),
neutral (0.1 M phosphate buffer solution [PBS]) and
acidic (0.1 M HCIO,) conditions at various rotation rates
are shown in Figure S8. The RRDE results in alkaline

and neutral electrolytes and the corresponding H,O,
selectivity are shown in Figure 3A-C. In alkaline electro-
lyte, all the samples favored the 2e~ ORR. Performance
comparison of Gr and HGr indicates that the hole edges
produced by the removal of lattice defects are more active
for H,0, production, showing a higher Jy,0, than the
intrinsic defects in Gr for the entire active potential range
(0.20-0.77V). This enhanced performance of HGr
should be due to the fact that the engineered edge sites
have the proper adsorption and binding energies of inter-
mediate (*OOH and *0).** A more detailed observation
of the ORR results indicates that the hole edges of HGr
are more advantageous as compared with the general
defects of Gr, particularly in the kinetic region, with
more positive onset potential value (~0.79V vs. ~0.77V)
and greater H,O, selectivity (~91% vs. ~87%). However,
by gradually applying higher reduction potential, the
ORR activity of HGr shifted slightly toward 4e~ ORR,
with 85% selectivity at 0.2 V, whereas Gr showed better
selectivity (88%-93%) below 0.6 V.

After further functionalization, the two oxidized sam-
ples induced different responses to the same functionali-
zation condition for overall ORR activities. Despite good
H,0, selectivity (~90%) in the entire potential range
(0.20-0.65 V), O-Gr showed degraded performance with
higher overpotential with the onset potential value of
~0.65V and low reduction current (0.95 mA cm 2 at
0.2 V). These unsatisfactory activities of O-Gr are due to
the excessive oxygen content, which results in poor elec-
tron transport.’® O-HGr, in contrast, showed more
improved performance in comparison with O-Gr in Jy,0,
(245mAcm 2 vs. 0.54mA cm 2 at 0.4 V) with better
H,0, selectivity values (9%0-100%) in a wide potential
range (0.20-0.77V) and better onset potential value
(~0.78 V vs. ~0.65V). This outstanding selectivity over a
wide potential range surpasses those of previously
reported CBEs and non-carbon electrocatalysts
(Figure S9), suggesting that our defect engineering is well
suited for the selective 2e~ ORR.

In addition, the ORR performance in alkaline media
for all the samples emerged consistently in the neutral
electrolytes. The Gr electrocatalyst showed 77%-80%
H,0, selectivity and an onset potential value of 0.5 V.
However, performance deteriorated after functionaliza-
tion on the lattice defects of Gr. As mentioned earlier,
even though certain oxygen functional groups can
enhance overall selectivity, a surplus may act negatively
by lowering conductivity,>® resulting in higher overpoten-
tial and low reduction current for H,0, production with
O-Gr. In holey graphene samples, HGr exhibited a slight
increase in H,0, current compared with that of
Gr. However, the proportion of the 4e~ pathway to the
total current steadily increased with a potential sweep in
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FIGURE 3 Electrochemical ORR performance of graphene electrocatalysts. Linear sweep voltammetry of RRDE measurements at

1600 rpm in (A) alkaline and (B) neutral electrolytes, and (C) corresponding H,0, selectivity. Stability tests of O-HGr in (D) alkaline
conditions at 0.3 V (vs. RHE) and (E) neutral conditions at 0.1 V (vs. RHE) for 12 h (ring electrode was cleaned every 3 h by rapid scan).

(F) Bulk electrolysis production of H,0, and stability performance of O-HGr catalyst using an H-cell test including CA curve, accumulated

H,0, yield, and the corresponding FE

the cathodic direction, showing a linear decrease of H,0,
selectivity from 100% to 66%. After oxidation, O-HGr
delivered the most enhanced performance among the
samples in overall electrocatalytic activities, with the
earliest onset potential (0.56 V vs), highest ring current
density (2 mA cm ?), and enhanced H,O, selectivity
(87%-100%). These RRDE results suggest that among the
different types of defects originated from each sample in
this study, the combination of ether (C—O—C) and car-
bonyl (C=0) groups at the hole edges is the most active
and selective configuration for 2e~ ORR. In the case of
acidic electrolyte, despite better activities of O-HGr than
those of the other samples (Figure S10), the performance
is not as good as those in the other electrolytes, which
agrees well with the previous reports for CBEs.*

We then conducted the stability tests of O-HGr in
both alkaline and neutral pH conditions using chron-
oamperometry (CA) measurements under constant

potential (0.3 and 0.1 V for a disk electrode in alkaline
and neutral media, respectively, and 1.2 V for a ring elec-
trode), (Figure 3D and E). The results showed stable cur-
rent output with ~96% current retention and nearly
constant selectivity over a 12-hour testing period. Because
the ring electrode can be affected by anion poisoning that
decreases the ring current,® periodic electrochemical
ring cleaning was performed in the neutral electrolyte.
After that, the ring current recovered and overall current
values were almost retained, indicating that the functio-
nalized hole edge sites are stable in both alkaline and
neutral conditions during electrochemical H,O, produc-
tion. We further evaluated the structural stability of
O-HGr after long-term electrosynthesis using Raman
analysis. A typical three-electrode cell configuration
was used, and the working electrode was prepared
with surface-enhanced Raman scattering (SERS) sub-
strate (Figures S11A and B). The obtained CA curve
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(Figure S12A) shows excellent durability of the O-HGr
without current degradation. Raman and XPS spectra of
before and after ORR (Figure S12 B-D) show negligible
changes in the defect-related peaks including D and D’
bands and oxygen-related peaks, respectively. This small
variation could be due to the absorbed O intermediates
(O* and OOH¥) at active sites of the graphene’” rather
than irreversible deformation of the structure, indicating
the excellent electrocatalytic stability of the active sites of
O-HGr. We further evaluated the morphologies after
ORR using microscopic analysis (Figure S13). SEM
images of the electrode surface and TEM results for indi-
vidual O-HGr sheets exhibited insignificant changes in
the overall morphologies, showing a well-maintained 2D
sheet with microporosity.

We also used an H-type cell system (Figure S13) to
investigate bulk electrosynthesis of H,O, for more practi-
cal demonstration. A CA experiment for O-HGr was car-
ried out for 12 h in an O,-saturated 0.1 M KOH solution
under constant potential (0.35 V). The electrolyte was
replaced every 3 h due to the concentration change of the
electrolyte by the generated H,0,. The H,0, output was
quantified every 30 min by a redox titration of cerium
(IV) sulfate. The resulting UV absorption spectra, the
polarization curve with the corresponding H,0, yield,
and the FE results are presented in Figure S16 and
Figure 3F. The CA curves illustrate the outstanding
retention of the reduction currents. The yields of H,0,
for each batch were calculated to be 2360, 1720, 1886,
and 1843 mol Kg.,, ' h™'. Each yield was close to the
theoretical values of 100% FE during the operation, even
after 12 h. Collectively, the excellent stability and selec-
tivity of O-HGr were confirmed by extensive testing,
which suggests that O-HGr is a promising electrocatalyst
for the direct synthesis of H,0,.

To elucidate another crucial role of the in-plain holes,
we used an EIS system for the simultaneous determina-
tion of the charge transfer and mass transfer processes.”®
Mass transfer losses generally occur at high current den-
sity because of the sluggish mass transport of oxygen
throughout active sites, resulting in limitations of the cur-
rent production.” Because insufficient mass transport
also causes product accumulation on the surface of
electrocatalysts,59 resulting in an undesirable extra reac-
tion of H,0, into H,O, enhanced mass transport should
be of greater importance for the 2e™ reaction. An appro-
priate equivalent circuit fitting (Figure S17) allowed for a
reliable evaluation of the polarization resistance (Rp),
which is the sum of the charge transfer resistance (R.,)
and diffusion (mass transfer) resistance (Ry).>® To deter-
mine the contribution of R and Ry to R, in the three
reduction potential regions, the kinetic region, the
kinetic-diffusion mixed control region, and the mass

transport region,” we analyzed R, values with various
rotation rates at three different potentials. The corre-
sponding spectra and the calculated contribution of each
resistance are shown in Figure S18. In the kinetic region
for both O-Gr and O-HGr, the changes of R, on the rota-
tion rates appeared to be insignificant, which indicates
that Ry is negligible in this region. The rotation rates
effect on R, was observed in the mixed kinetic-diffusion
control region, showing a higher R, at lower rotation
rates, which was more noticeable in the mass transport
region. This result suggests that the rotation rate has far
more influence at a higher reduction potential, indicating
that R, would be dominated by Rq with potential sweep
in the cathodic direction.

Based on the R, evaluation, we examined the EIS for
O-Gr and O-HGr over a wide potential range. The result-
ing values of R, are plotted with the polarization curves
(Figure 4C and D). The initial resistance progressively
decreased as a lower potential was applied toward the
kinetic-diffusion mixed control region because of the
decrease in interfacial charge transfer. With a lower
reduction potential in the mass transport region, the total
R, continuously increased, which is a result of the gradu-
ally increased Ry, while changes in R, were insignificant.
When comparing the trends in R, between both gra-
phene, O-HGr has more efficient charge transfer and
mass transport behavior than O-Gr does. On closer exam-
ination, the initial R, values for O-HGr ranged from 1123
to 281 Q, which were much lower than those of O-Gr
(1636 to 819 Q), indicating that O-HGr has more efficient
charge transfer. This enhanced kinetic activity of O-HGr
was further confirmed in Figure S19 which shows a
higher kinetic current density of O-HGr than that of
O-Gr. As the applied potential approached the diffusion-
limited region, O-Gr exhibited a drastic increase in R, to
a value of 2512 Q; conversely, O-HGr showed a relatively
small resistance change (790 Q), indicating that the holey
graphene had much more efficient mass transport. In
short, the EIS results confirm that the elaborate struc-
tural design of O-HGr promotes efficient ORR perfor-
mance in both kinetic activities and mass transport
properties.

DFT calculations were performed to elucidate the
nature of the active sites responsible for the enhanced
2e” ORR performance on our designed electrocatalyst. A
two-dimensional graphene sheet was used as a model
structure. To model the experimentally obtained pore
sites using the “punching” process, a graphene model
was established by removing a 7777-6-5555 defect. The
unsaturated carbon sites on the defect are easily oxidized
and form different oxygen functional groups. To simulate
the possible active sites in the presence of the ether
(C—0—C) and carbonyl (C=0) functional groups
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FIGURE 4 Kinetic activity and mass transport performance. Impedance spectra on a wide potential range for (A) O-Gr and (B) O-HGr

and evaluated polarization resistance with the polarization curves for (C) O-Gr and (D) O-HGr

observed via FT-IR, XPS, and EELS analysis, several
models were investigated, where both isolated and com-
bined oxygen functional groups were included
(Figure 5A). For the individual functional groups, we
considered H-terminated hole models.

The 2e~ ORR process involves two coupled proton-
electron transfer steps. The first one is transferring a
coupled proton-electron to O, adsorbed at the catalyst
surface to form HOO* (asterisk indicate a surface-bound
species). The second is a subsequent proton-electron
transfer to HOO* to form H,0,. Since both steps involve
HOO* as an intermediate, adsorption free energy of
HOO* can be successfully used as an activity descriptor
for the 2e” ORR.°>®' Hence, the HOO* adsorption free
energy was calculated in this work on the various possi-
ble active sites in each examined model structure
(Figure S21). The most active sites (marked with black
circles) in each structure are reported in Figure 5A. The
2e” ORR activity was measured by calculating the limit-
ing potential, Uy, which is defined as the maximum
potential at which all elementary steps are downhill in

free energy. Theoretical overpotential (OP) is defined as
the difference between the equilibrium potential (0.70 V)
and the limiting potential. Figure 5B displays the theoret-
ical activity volcano, where the calculated limiting poten-
tial is plotted as a function of HOO* adsorption free
energy. The pick of the volcano is positioned at the
HOO* adsorption free energy of 4.22 eV, which corre-
sponds to the maximum limiting potential (0.70 V) and
zero overpotential. To the right side of the volcano
(AGpoo+ > 4.22 V), there are active sites with weak
HOO* adsorption free energy, where the activity is
limited by the first proton-electron transfer step, that is,
formation of HOO¥*. These active sites preserve the O-O
bond in HOO* intermediate and increase the selectivity
toward H,O,. In contrast, to the left side of the volcano
(AGgoox < 4.22 eV), there are active sites with strong
HOO* adsorption free energy, where the activity is
limited by protonation of HOO* to form H,0,, hence the
selectivity is low. This analysis allows to underline the
activity and selectivity trend across different active sites
examined herein and pinpoint the most active functional
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of previously reported active functional groups are denoted in the activity volcano plot with triangles.** (C) Free energy diagram for 2e~
ORR on ether/carbonyl (orange) and ether/hydroxyl structures. The plot shows a large overpotential on the protonated model

groups. In the following, we summarize the key findings
in three groups based on the type of oxygen functional
groups, carboxyl, ether and carbonyl.

Structures with carboxyl functional group (Figure 5,
blue squares) are located in the right side of the volcano
with weak HOO* adsorption energy, high selectivity and
low activity (OPs: 0.3 V and 0.6 V for carboxyl 1 and
2, respectively) toward H,0,. We note that, the activity of
carboxyl on the edge and basal plane of the graphene was
previously reported®> where edge located carboxyl
(Figure 5, blue triangle) was reported to be highly active
(OP: 0.06 V) for H,0, production. The basal plane car-
boxyl reported in the previous study was confined in a
small pore and its activity is slightly more (OP: 0.14 V)
than carboxyl confined in a large pore investigated herein
(OP: 0.3 V).

Ether functional group (Figure 5, red squares) shows
high activity (OP: 0.15V) and selectivity toward H,0,
when it is isolated in a large pore size (Figure 5, ether 1).
The previous report shows a high activity for the ether in
a small pore (OP: 0.02 V).**> Similar to carboxyl, ether
functional group becomes slightly less active when pore
size is increased. A saturated pore with ether

configuration (ether 3) on the other hand, strongly
adsorb HOO* which in turn results in decreased activity
(OP: 0.48V) and selectivity toward H,0,. The HOO*
adsorption energy becomes weaker (AGgpo+ = 4.08 eV)
when ether is confined in a pore saturated with carbonyl
functional group, and its activity is improved (OP:
0.14 V). However, its selectivity remains low because
AGpoo+ < 422 eV.

An isolated carbonyl (Carbonyl 1) has a very weak
HOO* adsorption energy, and its data point is not show-
ing up in the activity volcano. On the other hand, a pore
structure saturated with carbonyl functional group
(Carbonyl 2) (Figure 5, green) shows stronger HOO*
adsorption energy (4.16 eV) which places it in the region
with low selectivity but near the peak of the activity vol-
cano (OP: 0.06 V). Lastly, a pore structure saturated with
an alternative combination of carbonyl and ether
(Carbonyl 3) (Figure 5, green) show the maximum activ-
ity with nearly zero OP suggesting a synergistic effect
between these two functional groups.

Using DFT calculations we also investigated the rea-
son behind the activity drop in acidic and neutral media
which was detected by RRDE analysis (Figure 3B). One
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possible hypothesis is that the nature of active site changes
because there are more abundant protons in the neutral
solution, which may protonate carbonyl oxygen functional
groups and form hydroxyl. To determine the effects of pro-
tonation of the oxygen functional groups on the 2e~ ORR
activity, we compared the following two model structures:
combined carbonyl/ether, which is the most active struc-
ture, and combined hydroxyl/ether on the pore. Figure 5C
shows the results in a free-energy diagram. The ideal cata-
lyst (black line) follows a flat adsorption free energy at
U = 0.70 V. As predicted by the activity volcano plot
(Figure 5B), carbonyl/ether activity is very close to the
ideal catalyst. However, taking the same carbon atom as
the active site, a large overpotential is observed in the
hydroxyl/ether model. To better understand this behavior,
we performed a Bader charge analysis for each structure
(Table S1). These results showed the active site on
hydroxyl/ether model was negatively charged compared to
carbonyl/ether model. Negative charge accumulation
resulted in a repulsive interaction between HOO* and sur-
face which results in higher activation barrier for the reac-
tion. We conclude the high selectivity and activity in
alkaline media is a result of coordination between car-
bonyl and ether functional groups at pore site. On the
other hand, functional group hydrogenation in acidic and
neutral media increases the 2e~ ORR reaction barrier by
charge redistribution on the active site.

3 | CONCLUSION

In summary, by combining experimental and theoretical
analysis, we demonstrated a tactical approach for the defect
engineering of graphene using a punching and functionali-
zation process for enhanced H,O, electrosynthesis via 2e™
ORR. HR-TEM results revealed that an oxidized hole with
an average diameter of ~2 nm formed in the basal plane of
graphene. The well-characterized FT-IR, XPS, and EELS
results indicate that the specific functional groups of ether
(C—0—C) and carbonyl (C=0) formed at the hole edges.
This unique structure of O-HGr allowed fine modulation of
the overall ORR activity for highly selective H,O, produc-
tion. When comparing the ORR performance of O-HGr
with that of the other control samples, a combination of
two different oxygen functional groups was identified as the
major active sites for highly active and selective H,O, pro-
duction, exhibiting an average of 95% H,0, selectivity and
~97% FE for bulk electrosynthesis in the alkaline electro-
lyte. EIS analysis further uncovered another vital role of the
hole, showing improved diffusion efficiency of oxygen with
significantly lower resistance for both kinetic charge trans-
fer and mass transport compared with non-holey graphene.
DFT calculations suggested that a combination of

functional groups, such as ether and carbonyl, provides the
necessary active site to achieve maximum activity toward
H,0, production. The calculations also revealed a large
overpotential at lower pH values because of the protonation
of oxygen functional group, which explains the perfor-
mance drop in neutral media. This study provides a general
approach for the defect engineering of CBEs through a
proper understanding of active sites in the ORR process.

4 | METHOD

41 |
O-HGr

Preparation of Gr, HGr, O-Gr, and

GO was prepared as a starting material using a modified
Hummers' method. A 10 g of graphite was added to 380 ml
of sulfuric acid (H,SO,) with mild stirring followed by add-
ing 50 g of potassium permanganate (KMnO,). The mix-
ture was subjected to constant stirring for 12 h at 35°C.
After cooling down the mixture to 5°C, 500 ml of H,0O was
slowly added as a quenching step. A 15 ml of H,0, was
then added until the color of the mixture turned golden
yellow, confirming the termination of the reaction. Finally,
the GO was washed with 1 M HCI and then acetone, fol-
lowed by drying at 60°C for 12 h, to obtain GO powder.
We performed inductively coupled plasma optical emission
spectroscopy to analyze metal residues in the as-prepared
GO. The result indicates that GO does not include signifi-
cant amount of metal impurities with the values of less
than 0.0001 wt % for elements of iron, manganese, cobalt,
and nickel. A 200 mg of Gr was produced by heat treat-
ment of 500 mg of the GO powder at 500 °C in argon gas
for 2 h with a ramp rate of 20°C min . After the reduction
of GO, there is no more significant weight loss in the fol-
lowing process. To prepare HGr, the obtained Gr powder
was further heated in air with a ramp rate of 10°C min*
and isothermally held at 410°C for 2 h. The acid treatment
of the obtained graphenes was adopted to introduce the
specific oxygen groups. In detail, both graphenes were
immersed in 20 ml of 10 M HNO; with mild stirring for
10 min followed by moderate bath sonication in a sealed
reactor for 5 min. The mixtures were slowly heated to
90 °C and then refluxed for 6 h. The acid-treated graphenes
were washed with 200 ml of DI water three times and then
with 50 ml of ethanol. The final products of O-HGr and
O-Gr could be obtained after drying at 60°C for 12 h.

4.2 | Characterization

The typical morphologies of Gr, HGr, O-Gr, and O-HGr
were characterized by SEM (S4800, Hitachi, Japan) at

85U8017 SUOWILLIOD @A 18810 3edldde ayy Aq peusenob a1e ssjoie YO ‘8sn Jo el 10y Ariqi8UIIUO 3|1 UO (SUONIPUCD-PUe-SLLIBY/WIOY" A8 | IM A RIq U1 UO//SdNLY) SUORIPUOD pUe SWiB | 8L 88S *[£202/90/T2] uo Ariqiauliuo A8|im ‘Arigi Aisieaiun BueAueH Aq 99zZT zWwoe/z00T 0T/I0pAW0D" A8 1w AzeIq 1l juo//Sciy Wwolj papeolumoa ‘T ‘€202 ‘SLTEL952



KOH Er AL.

—Wl LEY 11 of 14

15 kV and TEM (FEI, Titan G2 Cube 60-300) which is
equipped with an image Cs corrector and operated at an
accelerating voltage of 80 kV of which value is below crit-
ical energy predicted for severe knock-on damage on car-
bon nanostructures. The TEM is also equipped with a
monochromator which enables to improve the attainable
energy resolution of EELS with a spherical aberration
corrected STEM. An energy filter of Quantum 963 was
employed to support the high collection angles required
for atomic column resolution EELS analysis. The Raman
spectra were acquired by a Renishaw inVia with a
532-nm laser source. XPS measurements were performed
with an XPS spectrometer (Thermo Fisher Scientific,
Theta probe) using a monochromic Al Ka radiation X-ray
source. FT-IR analyses were carried out using a Thermo
Fisher Scientific Co. Nicolet 6700 with KBr pellets. A
UV-vis spectrometer (Analytik Jena, Specord200) was
used to obtain the UV-vis absorption between 300 and
800 nm at a resolution of 1 nm. TGA was taken by a
simultaneous TGA/DTA/DSC analyzer (TA Instruments,
SDTQ600).

4.3 | Electrochemical measurements

Electrochemical analyses, including cyclic voltammetry
(CV), linear sweep voltammetry (LSV), and EIS, were
carried out using a rotating disk electrode (RDE) setup
and chronoamperometry (used to evaluate the ORR
activity and stability of the prepared catalysts) using
RRDE with a computer-controlled potentiostat (VSP,
Bio-Logic SAS instrument, France) with a typical three-
electrode cell possessing a gas flow system. These tests
were performed in an O,-saturated three-electrolyte solu-
tion (0.1 M KOH, 0.1 M PBS), or (0.1 M HCIO,) at 25°C.
The background current was measured in N,-saturated
electrolytes. A platinum wire and a graphite rod were
used as the counter electrodes for RRDE and H-cell test,
respectively, whereas Ag/AgCl (acid and neutral electro-
lytes) and Hg/HgO (alkaline electrolyte) were used as the
reference electrodes. The working electrodes were pre-
pared by drop-casting 10 pl of the prepared sample sus-
pensions (1 mg mL ™) in a mixture of Mili-Q water and
isopropanol solution (4:1) with 10 pl of Nafion (5%) onto
the glassy carbon electrode (GC, 5-mm diameter, Pine
Instrument Co.). For the EIS analysis, the impedance
spectra were recorded with an AC amplitude of 5 mV in
a frequency range of 100 kHz to 0.02 Hz using a single
sine mode. The impedance spectra were fitted using ZFit
fitting tools of EC-Lab software. The RDE and RRDE
tests were performed with an electrode rotator (modu-
lated speed rotator, Pine Instrument Co.), whereas the
potential of the Pt ring electrode was held at 1.2 V

(vs. RHE) to obtain the oxidation current of the as-
formed H,0,. The total electron transfer number (n) and
the selectivity of H,O, were calculated using the following
Equations (1) and (2):

Ix/N
H,0O =200 x —, 1
20, (%) o+ In/N (1)
4
=2l (2)
ID+IR/N

where Iz and Ip are the ring and disk current, respec-
tively; N is the collection efficiency, which was calibrated
to be 0.265. The following Levich equation (Equations (3)
and (4)) was used to extract the kinetic current (j;,) by
correcting the mass transport losses:

11,1 1, 1 o)
J Jkn Jag Jxin B-V@
B=0.62-n-F-Dy’-v/°.Cq,. (4)

where j is the current density consisting of kinetic cur-
rent (j;,) and the diffusion current (j4), @ is the elec-
trode rotation speed (rads '), n is the number of
electrons transferred during the reaction, Do, is the diffu-
sion coefficient of oxygen in the electrolyte at 298K
(1.85x 107> cm? s7'), Co, is the oxygen concentration
(1.21 x 10 ® molcm ), F is the Faraday constant (96 485
Cmol '), and v is the kinematic viscosity of oxygen
(0.89 x 1072 cm? s~ ). Bulk electrosynthesis of H,0, was
performed in alkaline electrolyte to further confirm the
selectivity and determine the amount of H,0, using a
two-compartment H-type cell with a Nafion membrane
as the separator (Figure S14). Each chamber was filled
with 15ml of electrolyte (0.1 M KOH), and an inhibitor
of 10mM ethylenediaminetetraacetic acid (EDTA) was
added to prevent H,0, decomposition in alkaline media.
In one chamber, the working electrode, reference elec-
trode (Hg/HgO), and gas tube were placed; a counter
electrode (graphite rod) was placed in the other chamber
to prevent the oxidation of the H,O, product. The electro-
lyte of the cathode compartment was saturated with pure
oxygen gas and vigorously stirred to facilitate mass trans-
port to the electrocatalyst surface. The working electrode
was prepared by placing Teflon-treated carbon paper
(1 cm x 1 cm) in electrocatalyst ink with sonication for
10 min and then drying the sample at 60°C. A chronoam-
perometric method was used to demonstrate the bulk
electrosynthesis of H,0, to simulate practical applica-
tions. A titration method with ceric sulfate was used to
determine H,0, concentration in the electrolyte through
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the reaction of (2Ce*" +H,0, — 2Ce>*" +2H" 4+ 0,). The
calibrated slope was obtained by the UV-vis spectra at
317nm for the standard titration solution of Ce(SO,),
with various concentrations from 0.0 to 0.5mM.
(Figure S14) Samples of the electrolyte (10 pl) from the
cathodic reaction were taken every 30min during the
operation time and then titrated with the yellow-colored
Ce*" solution. The resultant electrolyte samples gradu-
ally turned colorless as more Ce*" was reduced by H,0,
to Ce>". This color transition was accurately measured by
UV-vis spectroscopy to derive the H,O, concentration
(Figure S16). Quantification of H,0, using the above
titration method is based on the following equations.

Accumulated H, O, concentration (mM)
- Vt, before X [Ce4+]before - Vt, after X [Ce4+]

Overall charge passed (C)

after , ( 5)

where Vipefore and Viager are the volumes of titration
solution before and after adding the aliquot of electrolyte,
respectively. [Ce* Jpetore and [Ce*" |aser are the Ce*" con-
centration (mM) before and after adding the aliquot of
electrolyte, respectively.

Accumulated H,0, yield (pmol)
=[H,0,] after X Vafter — [Hzoz}before X Vpefore (6)

Faradaic Efficiency of H,0,

accumulated H,0, yield (mol) x ;2B x J085C
N Overall charge passed (C)
x 100%,
(7)

where Viefore and Ve, are the volumes of electrolyte
before and after the aliquot sampling, respectively. And
[H50;]before and [H>05]aser are the cumulative H,O, con-
centration before and after the aliquot sampling,
respectively.

44 | Computational method

The DFT simulations were performed using Atomic Sim-
ulation Environment (ASE).°* All electronic structure
relaxations were performed via Quantum Espresso pro-
gram package.” The electronic wave functions were
expanded in plane waves with an optimized cutoff energy
of 500 eV, while a 5000 grid was used for electronic den-
sity representation. Structures were modeled using a two-
dimensional graphene layer with a fairly large unit cell of
9 x 9. The periodic images were separated using 18 A

vacuum. The Brillouin zone was sampled using gamma
points. Supplementary Figure S20 (A and B) shows the
convergence test for the k-point and vacuum size.
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