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ABSTRACT: We present a combination of comprehensive
experimental and theoretical evidence to unravel the
mechanism of two-electron oxygen reduction reaction
(ORR) on a catalyst composed of mildly reduced graphene
oxide supported on PSO carbon paper (mrGO/PS0). This
catalyst is unique in that it shows >99% selectivity toward
H,0,, the highest mass activity to date, and essentially zero
overpotential in base. Furthermore, the mrGO catalytically
active site is unambiguously identified and presents a unique
opportunity to investigate mechanisms of carbon-based
catalysis in atomistic detail. A wide range of experiments at
varying pH are reported: ORR onset potential, Tafel slopes,
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H/D kinetic isotope effects, and O, reaction order. With DFT reaction energies and known thermodynamic parameters, we
calculate the potential and pH-dependent free energies of all possible intermediates in this ORR and propose simple kinetic
models that give semiquantitative agreement with all experiments. Our results show that mrGO is semiconducting and cannot
support the conventional mechanism of coherently coupled proton—electron transfers. The conducting P50 provides electrons
for initiating the ORR via outer sphere electron transfer to O,(aq), while the semiconducting mrGO provides the active
catalytic sites for adsorption of O, (aq) or HO,(aq), depending upon electrolyte pH. Due to this unique synergistic effect, we
describe the mrGO/P50 as a co-catalyst. This concept implies departure from the traditional picture of predicting catalytic
activity trends based on a single descriptor, and the co-catalyst design strategy may generally enable other semiconductors to

function as electrocatalysts as well.
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reaction order

INTRODUCTION

The oxygen reduction reaction (ORR) is one of the
technologically most important electrocatalytic reactions.
Aqueous ORR occurs through both two-electron (2e7) and
four-electron (4e”) reductions. In acidic environments these
are given as

0, + 4(H" + ¢7) » 2H,0 U’ = 123 Vg (1)

0, +2(H" +¢7) - H,0, U®=0.70 Vpyp (2)

where U° is the standard equilibrium potential for the
reactions,’ and Vyyy stands for the potential relative to the

reversible hydrogen electrode (RHE). Vyyg is related to that of
the standard hydrogen electrode (SHE) via Vpyp = Vg +
0.0592 V pH so that the thermodynamics of the reaction is
independent of pH on the Vi scale. In strong basic solutions,
H,O becomes the proton donor, and at pH > 11.7 these
equations become'

0, 4+ 2H,0 + 4e~ = 40H™ U’ = 1.23 Ve (3)



0
U° = 0.76 Vg
©)

The 4e” ORR is the reaction that generally limits fuel cell
efficiency while the 2e™ ORR provides an electrochemical path
for production of hydrogen peroxide, an important industrial
chemical. Since an energy intensive centralized anthraquinone
oxidation process now produces H,0,, there has been much
recent interest in finding a simple decentralized electro-
chemical synthesis of H,O, that could allow small-scale local
production for applications such as cleaning of local water
supplies.”?

As the U° values for eqs 1—4 indicate, the 4~ ORR is always
more exoergic than the 2e” ORR. Therefore, thermodynamics
always favors the 4e™ ORR, and a selective catalyst is required
to form H,O, electrochemically. Several metallic and alloy
catalysts are partially selective for H,O, formation in basic
conditions, e.g, Au(111),* Ag(111),® and Pt—Hg.6 Various
forms of carbon (glassy carbon,” graphite,® meso-/micro-
porous carbons’) are also partially selective for H,O,
formation, albeit with modest activities. Doped graphenes are
generally more active catalysts and give dominantly either 2e~
or 4~ ORR, d%pending on synthesis conditions and/or dopant
combinations.'”'" At present, there is considerable debate as
to the identity of the catalytically active sites for these doped
graphenes.'?

Kim et al.'® have recently shown that a catalyst of mildly
reduced graphene oxide supported on P50 Avcarb carbon
paper (mrGO/PS0) showed selectivity of >99% to H,O,, the
highest mass activity of any H,0O, catalysts previously reported,
and essentially zero overpotential in strong basic solution (pH
= 13). Extensive spectroscopic evidence identified the
catalytically active sites in mrGO as sp* carbons adjacent to
epoxy groups.'® Because the catalytically active site for this
H,0, catalyst is so well established experimentally, this
presents a unique opportunity to investigate the mechanism
of this 2e” ORR in detail and to understand the origin of its
high catalytic activity.

ORR electrocatalytic activity on metals and alloys has
traditionally been described in terms of the thermodynamics of
all of the surface adsorbed intermediates, with the potential
dependence of the free energies of the reduction steps given by
the computational hydrogen electrode H* + e~ = 1/2H,."*
This defines a limiting overpotential for the ORR, and plots of
this limiting overpotential versus a descriptor such as OH*
(where * refers to surface adsorbed species) binding energy
have been very successful in describing and predicting ORR
activity volcanoes for metals and alloys, for both 2e™ and 4e™
ORR." Related analyses on perovskites using the d-electron
occupancy of the transition metal as a descriptor also predict
activity volcanoes.'® These descriptions implicitly assume that
the mechanism for ORR is based on a series of coherently
coupled proton—electron transfers (CPETs). The thermody-
namics does not, however, describe the selectivity of ORR
since the weak binding legs of the 2e™ and 4e™ volcanoes are
identical, and it is only in this weak binding region that 2e”
ORR is observed."”

This same CPET mechanism has also recently been
proposed to describe both 4e” ORR and 2 e- ORR on
carbon-based catalysts."®'® On the other hand, earlier
electrochemical studies of the 2e~ ORR on carbon”® proposed
mechanisms initiated by pure electron transfers, i.e., O,(aq) +
e” — [0,7]* similar to the decoupled proton—electron

0, + H,0 + 2¢” — HO,” + OH~

transfers that typically occur in molecular electrocatalysis.””>'

Thus, there is considerable disagreement as to the exact
mechanism responsible even for the simplest 2e” ORR on
these promising non-metal catalysts. However, such under-
standing is essential for going beyond the catalysis of precious
metals/alloys and for guiding new future strategies in
electrocatalyst design. This paper describes both detailed
experiments and first-principles theory to unravel the
mechanism behind the active and selective mrGO/PS0 2e~
ORR catalyst. We report on a wide range of experiments at
varying pH that find semiquantitative agreement with simple
kinetic models proposed from theory. A detailed under-
standing of the mechanism thus emerges and reveals that the
high activity of mrGO/PS0 is based on its unique behavior as a
co-catalyst that solely supports decoupled proton—electron
transfers.

EXPERIMENTAL AND COMPUTATIONAL
METHODS

Electrochemical Measurements. The electrochemical
techniques have been described in detail elsewhere so that only
novel aspects will be emphasized here."* Electrochemical
measurements were performed using a Biologic SP-300
potentiostat and a custom-built modified hermetically sealed
electrochemical H-cell. The voltages of both the counter
electrode (Pt wire) and working electrode (WE, mrGO coated
P50 Vulcan C, 1.0 cm” exposed to electrolyte) relative to a
reference electrode were recorded simultaneously. A Hg/HgO
reference electrode immersed in 1 M NaOH was utilized for
basic solutions (pH = 9, 13) and a Hg/Hg,SO, reference
electrode immersed in concentrated K,SO, for acidic solutions
(pH = 1, 5). All potentials are reported against the reversible
hydrogen electrode (RHE) or standard hydrogen electrode
(SHE) and are corrected for ohmic losses. All electrochemical
measurements were performed saturated with pure O,,
typically at ~1.07 bar unless otherwise noted. Linear sweep
voltammetry (LSV) was performed by a cathodic sweep of the
working electrode potential from open circuit potential (OCV)
at a scan rate of 2.0 mV/s. Simultaneous measurements of the
O, pressure change in a calibrated headspace volume during
the LSV gave measurements of e~/O,, the moles of electrons
consumed relative to the moles of O, consumed. A detailed
discussion of this setup and its advantages is found in previous
work."® Chronopotentiometry (CP) following an ORR current
step from open circuit was conducted to measure the Tafel
slopes. pH = 1 and pH = 13 electrolytes used 0.1 M of H,SO,,
and KOH solutions, respectively. The pH = S electrolyte was
created by adding enough 0.1 M H,SO, solution to 0.1 M
K,SO, solution to reach pH = S, and pH = 9 electrolyte was
also prepared by adding enough 0.1 M of KOH solution to 0.1
M K,SO, solution to reach pH = 9. Kinetic isotope effect
experiments were performed in deuterated aqueous solutions
(D,0). pD = 1 and pD = 13 electrolytes used 0.1 M of D,SO,
and KOD solutions in D,0, respectively. To minimize mass
transport limitations during LSV, vigorous stirring of the
electrolyte was utilized. During the CP measurements (30 s),
there was no active stirring. However, between CP measure-
ments (2 min), stirring was active. For all data presented
(Figures 1—4), the same electrode was used to collect each
profile in that figure, such that the geometric surface area in
each was consistent (~1 cmz).

Computational Methods. We model the mrGO catalyst
and corresponding ORR thermodynamics using density
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Figure 1. ORR cathodic linear sweep voltammetry (current i in mA vs
applied potential U in V) at the pH indicated in the figure to form
H,0,, where the applied potential is given on the scale of (a) the
reversible hydrogen electrode (RHE), and (b) the standard hydrogen
electrode (SHE).

functional theory (DFT) of a periodic supercell within the
generalized gradient approximation (GGA). DFT calculations
rely on the BEEF-vdW exchange-correlation (xc) functional®”
and the Quantum ESPRESSO plane-wave code?® with ultrasoft
pseudopotentials® and an energy cutoff of 450 eV. The mrGO
Brillouin zone is sampled at the I'-point, and periodic images
are separated by 12 A of vacuum along the surface normal. To
evaluate charged systems such as those discussed later, we use
non-periodic DFT calculations within the all-electron basis set
of the FHI-aims code.”® These are based on an H-terminated,
cluster representation of the mrGO structure that was
rigorously tested to ensure that it reproduces the electronic
structure of the periodic model (see Figure S11 in the
Supporting Information (SI)).These calculations utilize the
Perdew—Burke—Ernzerhof (PBE) xc functional®® in combina-
tion with the Tkatchenko—Scheffler van der Waals correction
scheme.”’

We calculate free energies for all species adsorbed on mrGO
in the absence of the aqueous environment (AG) by correcting
the DFT electronic energy differences (AEP*™) by zero-point-
energy (AZPE) and entropy (TAS) as described by Nerskov
et al.'* and further detailed in the SI. The formation free
energies of OH*, H*, and OOH* adsorbates are calculated as
a function of Vgyp and pH by using the computational

hydrogen electrode.'* Free-energy differences for the full ORR
reactions 1—4 are taken from experiment, and all states are
referenced against H,(g) and H,O(l) to avoid an explicit DFT
calculation for O,(g). This methodology allows for conven-
iently evaluating the thermodynamics and forms also the basis
for our Pourbaix analysis, as explained in detail in the SIL

Finally, we estimate the stabilization of OH*, H*, and
OOH* adsorbates on mrGO due to H-bonding from the local
aqueous environment. In a first step, the solvent H,O structure
is efficiently sampled using molecular dynamics (MD)
simulations at the level of classical interatomic potentials.”®*”
As described in detail in the SI, the solvent is thermally
equilibrated at 300 K using a Nose—Hoover thermostat within
the LAMMPS simulation package.’® In a second step, we
evaluate the 300 K ensemble via single-point DFT calculations
on two hundred uncorrelated structures sampled from the
classical MD. The mean of the resulting Gaussian distributions
defines the average thermodynamic energy. We perform this
procedure for both the adsorbate-covered and clean mrGO
surfaces and form the corresponding energy difference to
estimate the (average) adsorption energy in solution.
Comparing this value to the equivalent vacuum result yields
a solvation correction for each OH*, H*, and OOH*
adsorbate type that is used to correct the vacuum free energies
of adsorption.

RESULTS AND DISCUSSION

In this section, we first describe experimental results for ORR
on mrGO/PS0 that span a range of pH and that were
specifically designed to probe the catalytic mechanism(s).
Some qualitative mechanistic conclusions are obvious directly
from the experiments, and hence are discussed alongside the
latter. We then develop a first-principles theoretical model of
the ORR that gives good semiquantitative agreement with all
experiments. Throughout the discussion of the mechanism, we
distinguish between potential-limiting steps that define the
onset of ORR and rate-limiting steps that define the current
dependence with potential during ORR.

Experimental Results. It was previously shown that
mrGO supported on PSO carbon paper is >99% selective at
pH = 13 for 2¢~ ORR to produce H,0,."* The extreme H,0,
selectivity of this catalyst is independent of pH as shown in
Table 1 and Figure S2 of the Supporting Information. Figure

Table 1. Ratio of e~ to O, Consumption Measured by
Linear Sweep Voltammetry at Different pH”

pH 1 s 9 13
e /0, 1.96 2,01 1.98 1.99

“The ideal ratio for forming H,0, is 2.00. Details of the experiments
are provided in Figure S2 of the SI

SS demonstrates that mrGO/PS0 is much more active as an
ORR catalyst than P50 alone at both pH = 1 and pH = 13.
However, the onset potential for ORR is nominally the same
for both P50 and mrGO/P50 at both pH values. Broadening of
the carbon D’ band in in situ Raman spectro-electrochemistry
during ORR at pH = 13 inferred that the catalytically active
sites were sp>hybridized carbons on the basal planes of
mrGO." Figure S4 shows that similar D’ broadening occurs at
pH = 1 as well and suggests that the same sp’ basal plane
carbon sites are the catalytically active ones at both pH = 1 and
pH = 13.



Figure 1 shows the pH dependence of the ORR LSV on
mrGO/P50, both as a function of (a) Vi and (b) V. It is
clear from this figure that the onset of the ORR is independent
of Vgyg and shows a shift of ~59 mV/pH unit on the Viyg
scale. Since the Vyyy scale defines the thermodynamics of the
ORR, there is no apparent overpotential at pH = 13. However,
there is a large pH-dependent overpotential as the electrolyte
becomes more acidic. This also suggests that the potential-
limiting step in the ORR is not a CPET, as this would produce
an onset that was constant on the Vyyp scale, especially at low
pH where protons are certainly the dominant reducing species.
This conclusion is strengthened by measuring the H/D isotope
effect for ORR at pH = 1 and pH = 13 as shown in Figure 2
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Figure 2. ORR cathodic linear sweep voltammetry (current i in mA vs
applied potential U in V on the reversible hydrogen electrode scale)
to form H,O, (solid lines) and D,0, (dashed lines) at pH = 1 and 13.

and Figure S8. The lack of any isotope effect in the onset
potential for ORR again suggests that proton transfers from
either H;O" or H,O are not involved in the potential-limiting
step. If a H" were involved, its replacement with D* would
effectively change the free-energy difference (AG) for this step
and appear as a shift in the ORR onset potential (AG = eU), as
explained in detail around Figure S8 in the Supporting
Information. We do note, however, that although there is no
measurable isotope effect for pH = 1, there is a small inverse
isotope effect in the ORR current at pH = 13 as given in Figure
2 and Figure S8.

Although the ORR onset U, occurs at U ~ 0 Vgyg at all pH,
there is a difference with pH in how the ORR current depends
on U or overpotential 7 = |U — U,gl. At low 7, before transport
significantly limits the charge transfer kinetics, i.e., in the linear
Tafel regime, pH = 1 and S appear to have higher Tafel slopes
than pH = 9 and 13. At higher ORR currents, the intermediate
pH = S and 9 have a more complicated Tafel dependence
showing evidence of either more extensive transport limitations
or a transition between rate-limiting steps. Because both the
cathode double layer capacitance Cy and the Faradaic current
depend on U through the ORR regime, we use chronopo-
tentiometry following current steps of varying magnitudes from
open circuit to separate the two dependencies to obtain the
best Tafel slopes. In the chronopotentiometry, charging Cy
causes a transient potential response, while the Faradaic
reaction represents the steady-state U at the given current i as
shown in Figure S3. The Faradaic Tafel behaviors at pH = 1
and 13 from the chronopotentiometry are given in Figure 3,
with a Tafel slope of b = 59 mV/decade at pH = 13 and b =
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Figure 3. Tafel plots (log of the ORR current i in A vs potential U in
V relative to the standard hydrogen electrode) for both pH = 1 and
pH = 13 as obtained from chronopotentiometry.

179 mV/decade at pH = 1. This implies that the rate-limiting
step, in contrast to the potential-limiting step, is different at the
two pH values, and the reason for this will be discussed below
when the theoretical model is presented.

We obtain the order of the reaction in O, by measuring the
ORR LSV as a function of O,(g) pressure (P, ) at both pH =1

and pH = 13 as shown in Figure S6. The reaction order is

0 logi . . .
defined as p = [a lozi’; ] , i.e, reflecting the change in overall
2
1

current i with Po at constant overpotential conditions in the
Tafel regime. The results are shown as a function of # in Figure
4a. Both pH = 1 and pH = 13 show p < 1, but with a
qualitatively different dependence on #. Unfortunately, the
experimental U,y for pH = 1 deviated considerably from the
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Figure 4. ORR reaction order p of O, gas as a function of
overpotential # in volts for both pH = 1 and pH = 13: (a) from
experiment as discussed in the text and (b) from simple kinetic
models based on the theoretical mechanisms.



expected Nernstian shift with Pg, (likely due to buildup of

H,0, during sequential experiments), and this made the
absolute values of p(77) at pH = 1 less accurate than for pH =
13.

In the following, we discuss pH-dependent mechanisms that
give semiquantitative agreement with these experiments. We
first develop a DFT-based computational model of mrGO and
its equilibrium composition in aqueous solution. Based on
theoretical free energies of the intermediates in the ORR at the
surface and in solution, we propose mechanisms for ORR at
the different pH. We then use qualitative kinetics based on the
derived free-energy diagrams to discuss the experimental
results.

DFT Model of the mrGO Active Catalyst. Dispersed
graphene oxide (GO) typically consists of micron-sized flakes
that are dominated by hydroxyl and epoxy groups on the basal
planes, but with a concentration of various functional groups
(OH, C=0, COOH, etc.) on the edges of the planes. ! The
reduction of graphene oxide (rGO) has been extensively
studied spectroscopically and theoretically by many authors.>*
In the previous study of mrGO," a combination of infrared
spectroscopy (IR), near edge X-ray absorption spectroscopy
(NEXAFS), X-ray photoelectron spectroscopy (XPS), and
Raman in situ spectro-electrochemistry indicate that thermal
reduction in H,O at 100 °C forms a mildly reduced graphene
oxide mrGO, with C/O ratio of ~2.85. Here the basal plane is
dominated by loss of some of the OH and epoxy groups, with
aggregation of the remaining groups. Mildly reduced GO thus
consists of nm-scale patches of graphene interspersed with
similarly sized patches of epoxy-rich GO.**** With further
reduction, some of the epoxy and OH groups remaining are
reduced resulting in a shrinking of the GO islands while the
graphene patches grow, and weakly conducting links are
established between them.>* This allows a reasonable
characterization of the rGO in terms of the fraction of sp’
carbons (or equivalently the C/O ratio).

Given this background, we discuss a simple theoretical
model of the mrGO given in Figure S. It corresponds to a C/O
= 2.67, close to that measured for mrGO. This model is
equivalent to one of those proposed by Lundie et al, who
studied the band gaps and optical properties of rGO in terms
of the C/O ratio.*®

Depending on the concentration of functionalizing epoxies
and OH groups, the rGO electronic structure varies between
that of pure graphene (C-sp® = 1) and pure GO (C-sp® = 0).
With decreasing C/O ratios, graphene’s semimetallic character
is gradually lifted as sp>-hybridized carbons are converted to
sp> carbons, and this gives rise to a significant band gap as
shown by the calculated density of states (DOS) in Figure S13.
As a result, the electrical conductivity is also a strong function
of the C-sp? fraction as outlined in Figure $9.>* The mrGO
catalyst has a C-sp® fraction of ~0.35 (C/O ~2.85) so is
predicted to have a very low inherent electrical conductivity of
<107'% S/cm (see Figure S9). Our model of mrGO only
includes epoxy regions on the basal plane. However, this
simplification maintains the basic feature of the electronic
structure based on C-sp® regions interspersed with C-sp’
regions.

Calculation of the density of states (DOS) for this mrGO
model structure is shown in Figure 6a, consistent with earlier
calculations by Lundie et al.*® The DOS for this model shows a
number of localized C defect states that emerge within the

Figure 5. Model of the mildly reduced graphene oxide (mrGO)
catalyst with C/O ratio of ~2.67 showing nm-sized patches of
graphene interspersed with nm-sized patches of GO. Gray spheres
represent C atoms, and red spheres represent the epoxy O atoms. The
breaking of z-bonds gives rise to two unpaired electrons that are
distributed at the boundaries of the two regions. The yellow spheres
represent the DFT derived spin charge density of the unpaired
electrons.
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Figure 6. Projected density of states (pDOS) in eV™' vs energy
relative to the Fermi energy of carbon atoms in (a) the uncovered
mrGO model structure, and after adsorption of (b) one and (c) two
OH™ species due to alkaline conditions. Colored lines show the
angular-resolved p,, p,, and p, components as denoted in the figure’s
legend. The pDOS were obtained with a 0.1 eV Gaussian smearing.

semiconducting energy gap. These are associated with the
breaking of n-bonds within the sp’-hybridized graphene
domains forming local unsaturated “dangling” #-bonds as
indicated in Figure 5. These form half-filled states that appear



around the Fermi level in the DOS of Figure 6a. Spin-polarized
GGA calculations (see Figure S14 in the Supporting
Information) confirm this interpretation of the dangling 7-
bonds. Integrating the occupied p, DOS in these dangling
bonds reveals a total of two unpaired electrons for this model
of mrGO. These are not localized over single surface sites but
are generally distributed, with varying weights, as given by the
spin density among different C-sp” sites (size of yellow spheres
in Figure S5). The latter are predominantly found at the
boundary of the graphene—GO regions as illustrated by the
spin charge density in Figure S.

These dominant dangling #-bond sites are naturally most
active toward adsorption and therefore likely covered by OH™
or H* species in alkaline or acidic solutions. Figure 6b shows
that adsorption modifies the 7-bonding network and quenches
the existing dangling bonds. Since adsorption of 2 OH~
(Figure 6¢) quenches all dangling bonds, further adsorption
is less likely, and the mrGO becomes fully semiconducting.
This is consistent with the prediction of two unpaired electrons
in mrGO from integrating the DOS occupation at the clean
surface. Adsorbing H' species in acid leads to similar
conclusions (see Figure S1S in the Supporting Information).

Whether OH™ or H" adsorption occurs, however, depends
upon whether the thermodynamics of adsorption is downbhill
relative to OH™/H" stabilities in solution, i.e., on the surface
Pourbaix diagrams. This depends on both vacuum calculated
DFT adsorption energies and the stabilization of these
adsorbates by the surrounding H,O solvent. The latter is
included after efficient ensemble sampling of the H,O
structure as described briefly in the Methods section and
further elaborated in the SI. We estimate the following solvent
stabilization energies for each adsorbate type: —0.4 eV for
OH*, —0.2 eV for H*, and —0.4 eV for OOH*. Figure 7 shows
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Figure 7. Pourbaix diagram (free energy of adsorption of OH™ from
solution vs potential U in volts relative to SHE) depicting the relative
stability for the sequential adsorption of OH™ species in alkaline
conditions, pH = 13. In each case, the most favorable adsorption sites
are considered, and the estimated OH* solvation correction of —0.4
eV is included.
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the surface Pourbaix diagram for sequential adsorption of a
first, second, and third OH™ species in the graphene regions of
mrGO at the dangling bond sites (marked in Figure S17 of the
Supporting Information). Figure 7 suggests that only
adsorption of the first two OH™ species is spontaneous
(AGoy+ < 0) at the experimental ~0 Vg, onset of the ORR.
Details of this analysis are presented in the SI. A similar picture
for adsorbing H* species in acid (see Figure S17 of the
Supporting Information) is established. Therefore, under

operating ORR conditions the mrGO catalyst is depleted of
dangling bonds and shows a considerable band gap similar to
Figure 6¢. Hybrid-DFT calculations confirm this picture and
show even an increased band gap as compared to the GGA
band gap (see Figure S16 in the Supporting Information).
Clearly, the number of dangling bonds correlates with both the
size and shape of the embedded graphene patches.*® We find
that quenching of all dangling bonds by OH™ or H* adsorption
as defined by the Pourbaix diagrams is true for less symmetric
mrGO models or those with differently sized graphene patches
as well. It is this that justifies using a simple single model to
define the mechanism on the complicated mrGO catalyst
structure.

However, at the OH/H-saturated surface, O, can only bind
as a charge-neutral physisorbed species with binding energy of
<0.1 eV (see Figure S22). This makes it unlikely to have any
strongly adsorbed O,* on the OH/H-saturated surface,
consistent with experiments that demonstrated no changes in
the Raman spectro-electrochemistry under O, pressures
without ORR." The DOS for the weakly bound physisorbed
state show that the 7* affinity level of O, is above the mrGO
Fermi level (Eg) and extremely localized, <0.3 meV full-width-
half- maximum (see Figure S23 of the SI). Given this
description of O, interacting with mrGO on the OH/H-
saturated surface, it is difficult to envision a CPET mechanism
to describe the ORR. Both the lack of electrons at Eg in mrGO
and the local nature of the O, affinity level with no overlap at
Eg make it virtually impossible to have a CPET on the OH/H-
saturated mrGO. A thermodynamic analysis of CPET exhibits
too weak binding for the OOH* intermediates and predicts
large overpotentials (>0.2 V) that are incompatible with 7 < 10
mV in base (see Figure $24). If the surface were not fully OH/
H-saturated, the thermodynamics of CPET forms too strong
binding in OOH*, with # > 0.3 V which again is inconsistent
with experiments (see Figure S24). We thus exclude CPET
and investigate a decoupled proton—electron transfer poten-
tial-limiting step as indicated by the experimental results.

Thermodynamic Analysis of 2e” ORR on mrGO. The
standard aqueous electrochemical reduction of O, is

Oz(g) + e =0,(aq) + e~ = 0,(aq)
AGg = (U — UJY) (s)

R
where Ut = UJ — 0.0592V log(wojq)]) is the equilibrium

potential that is related to the standard-state O,(aq) reduction
potential U? = —0.33 Vgyy;' via the Nernst equation. Py, is the

O, gas pressure in bar, and [O;(aq)] is the molar
concentration of the superoxide. The left equality in reaction
S simply reflects that O,(aq) is in equilibrium with O, gas.
When considering a likely experimental O,7(aq) concentration
of ~107® M near the onset of the ORR, Ut ~ 0 Vg for this
reaction, as shown in the H,0/H,0, Pourbaix diagram in
Figure S1. Since Vgyg ~ 0 is the experimental onset of ORR at
all pH (Figure 1), we contend that an outer sphere reduction
of O,(aq) to O, (aq) is the potential-limiting step of ORR on
mrGO/PS0 at all pH values. Since mrGO is a semiconductor
with no electrons available at Eg, we argue that reaction 5 is
initiated by electron transfer from the conducting P50 carbon
support. However, without the mrGO catalyst, the 2e” ORR
activity is low (but with similar onset potentials) as shown in
Figure SS. Therefore, we refer to this throughout the paper as a
mrGO/PS0 co-catalyst.
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Once formed, O, (aq) behaves differently in acidic and
alkaline media as defined by the pK, of HO,(aq). The
thermochemistry of the O,”/HO, couple is given by

O;(aq) +Ht 2 HOZ(aq)
AGg = AGy + 0.0592 eV-pH (6)

where AG] = —0.28 eV is the standard-state reaction free
energy based on the experimental pK, = 4.8 of HO,(aq).”’
This relates the free energy of HO,(aq) to O,7(aq), with the
latter in equilibrium with O, gas at Ul

The O, (aq) at pH > 4.8 or HO,(aq) at pH < 4.8 will
adsorb on the OH/H-covered mrGO surface if AG < 0 for the
adsorption reactions. We use DFT as described in the Methods
section to calculate the AG for each of these processes.

The AG for the adsorption reaction in acid is

HO,(aq) + * > OOH*
AG, = —0.22eV (7)

where AG, is obtained by combining the free energy of
HO,(aq) as determined above (eqs S and 6) with that of a
surface-bound OOH* at the most stable adsorption site of the
H-covered mrGO surface. The free energy of OOH* is
calculated from the thermodynamics using the H,O reference

for O, (see details in the SI) and including also the —0.4 eV
solvation correction for OOH*.
The AG for the adsorption reaction in base is

0;(aq) + * — [O]*
AGg = —0.18 eV (8)

where AGj is obtained by non-periodic DFT calculations on
the OH-covered mrGO cluster model discussed in the
Methods section. We describe O, solvation by explicitly
modeling the ion’s first solvation shell of four H,O
molecules,®® and this accounts for the majority of the total
solvation energy.”” The large uncertainty in AGj arises
principally from the uncertainty in whether the adsorption of
[0,(H,0),]™" increases the water density locally at the
surface. While this is possible, we believe the increase in
water density should be minimal, and the dashed line for O, *
in Figure 8b represents the case with no increase in water
density. The gray shaded area below this line in Figure 8b
represents the range of values possible including an increase in
water density at the surface and is discussed in detail in the SL

We note that the most stable site for both the OOH* and
[03]* adsorption is a C-sp® site next to an epoxy. This is
exactly the catalytically active site proposed earlier by Kim et
al. in their spectroscopic studies of ORR on mrGO."


















