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ABSTRACT: Decentralized on-site production of hydrogen 0,+2H*+2e _Acidic pH | H,0, E°=0.69Vvs. RHE
peroxide (H,0,) relies on efficient, robust, and inexpensive Ring Adjusted by 100.%
electrocatalysts for the selective two-electron (2e”) oxygen 73 #{Collection Efficiency) | [80 "
reduction reaction (ORR). Here, we combine computations E, j: g
and experiments to demonstrate that cobalt pyrite (CoS,), an g Lo &
earth-abundant transition-metal compound, is both active and % O 2035 o) o B
selective toward 2e~ ORR in the acidic solution. CoS, k5

nanomaterials drop-casted on the rotating ring-disk electrode £

(RRDE) showed selective and efficient H,O, formation in 5. Drop-casted CoS,

0.05 M H,S0, at high catalyst loadings, with their operational 0.05 M H,S0,

00 02 04 06 08

stability evaluated by structural and surface analyses. CoS, Potertial - &% (V ve. REE)

nanowires directly grown on the high-surface-area carbon fiber

paper electrode boosted the overall performance of bulk ORR electrolysis and the H,0, product was chemically quantified to
yield a ~70% H,0, selectivity at 0.5 V vs reversible hydrogen electrode (RHE), in good agreement with the RRDE results.
Computations suggested the modest binding of OOH™ adsorbate on the single Co site of CoS, and the kinetically disfavored
O—O0 bond scission due to the lack of active site ensembles in the crystal structure, consistent with the experimentally observed
activity and selectivity. CoS, also catalyzes 2e” ORR with less activity and selectivity in the noncorrosive neutral solution. This
work opens up the exploration of diverse earth-abundant transition-metal compounds in search of highly active and selective
electrocatalysts for efficient H,O, production.
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H INTRODUCTION In this context, direct H,O, production via electrochemical,
rather than chemical, reduction of O, eliminates the need for
H, gas, allowing for not only reduction in both costs and
energy consumption but also safer deployment in a modular
and decentralized fashion. The electricity needed in electro-
chemical oxygen reduction reaction (ORR) can come from
renewable solar and wind energy,6 which are also decentralized
and becoming more affordable. The major challenge here is to
selectively reduce O, to H,0, (vs H,0) via a two-electron (vs
four-electron) pathway. Recent developments of selective two-
electron (2e”) ORR catalysts have been mostly focused on
carbon materials’"'> and noble metals."*”"” In carbon
materials, carbon defects’ '’ and heteroatom dopants™'’

Hydrogen peroxide (H,0,) is an efficient and environmentally
benign oxidant with diverse industrial applications including
pulp- and paper-bleaching, chemical synthesis, and wastewater
treatment.”> Commercial production of H,0, (5.5 million
tons per year in 2015) has been almost exclusively taking place
through an indirect anthraquinone process that involves
sequential hydrogenation (under H, gas) and autoxidation
(in the air) of anthraquinone."” Direct chemical synthesis of
H,0, from H, and O, gases has also been explored, yet a very
few noble metal alloy catalysts show satisfactory selectivity
toward H,0,.” > Both chemical approaches of H,O, synthesis
use large quantities of H, gas, which is both costly and energy

intensive to obtain. Moreover, these centralized production were exploited as the active sites for selective 2e” ORR;
methods require long-distance transportation of concentrated howeveré lfhey are sufficiently actlive only in the alkaline
H,0, to end-users with significant expenses and safety solution™ "~ where H,O, is unstable,” and significant challenges
concerns. In fact, low concentrations of H,0, are usually

sufficient for most applications, which motivates sustainable Received: June 17, 2019
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Figure 1. Computational modeling of ORR on the CoS, (100) surface. (a) Free energy diagram for both 2e” and 4e~ ORR at the calculated
standard equilibrium reduction potential of 2¢” ORR. (b) Top view of (b) the CoS, surface with adsorbed OOH* and (c) the transition state for
OOH?* scission. (d) Side view of the CoS, surface with adsorbed OOH*.

remain in the rational synthesis of defects and dopants with
atomic precision. Selective 2e” ORR over noble metals
necessitates the isolation of active sites to suppress O—O
bond scission by adjacent active sites and, thus, 4e~ ORR,
which was realized by either dislpersing active metals within
inert matrices (e.g, Pd—Au,'*'* Pt—Hg'® Pd—Hg'®) or
anchoring single metal atoms onto supports;”’~ "~ however,
they involve expensive or sometimes toxic metals. Compared
to noble metals, earth-abundant transition-metal compounds
not only enable better isolation of active (metal) sites but also
offer unique surface structural motifs with more diverse and
controllable tunability, allowing for optimized adsorbate
binding and, therefore, potentially enhanced activity and
selectivity toward H,O, production. In addition, as both acidic
and alkaline solutions are corrosive, on-site production of
H,0, in the noncorrosive neutral solution is advantageous for
practical wastewater treatment applications by avoiding the
need for neutralization.

Here, we present a joint computational/experimental study
to demonstrate that earth-abundant cobalt pyrite (CoS,) is
both active and selective toward 2e~ ORR in acidic and neutral
solutions, with its catalytic performance in the acidic solution
approaching those of the state-of-the-art catalysts containing
noble and/or toxic metals. Chemical quantification of the
H,0, product electrogenerated on the CoS, catalyst from the
bulk ORR electrolysis in the acidic solution further
demonstrates the promise of this catalyst for practical
applications. Computations reveal general mechanistic insights
into the activity and selectivity of earth-abundant transition-
metal compounds toward 2e” ORR. This study opens up new
directions in search of more active and selective electro-
catalysts for efficient decentralized production of H,0,.

B RESULTS AND DISCUSSION

Metallic pyrites have been known as versatile earth-abundant
electrocatalysts toward hydrogen evolution, triiodide- and
polysulfide-reduction,””*" which led us to consider metallic
pyrites as possible 2e” ORR electrocatalysts. Computational
modeling of ORR was performed on the CoS, (100) surface
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using density functional theory (DFT) and the computational
hydrogen electrode (CHE) approach.”>~> The surface energy
of the (100) facet (0.032 eV/A?) is considerably lower than
those of the (110) or (111) facets (0.060 and 0.057 eV/A?
respectively) since the (100) surface preserves the disulfide
(S,>”) dumbbells. As such, our initial computational work
focuses on the thermodynamically most stable (100) facet,
which is the most probable facet present in our experimental
samples (see below) and also the simplest one to start with to
generate mechanistic insights. The activity of CoS, toward 2e~
ORR is governed by the following proton-coupled electron
transfer (PCET) steps,” >

0, +*+ (H" + e7) > OOH* (1)

)

where * is the unoccupied active site (Co site in CoS,) and
OOH¥* is the sole adsorbate for 2e” ORR. The first PCET
step, forming OOH¥, is modestly exergonic (AG = —0.14 eV)
at the thermodynamic potential of 2~ ORR (Figure 1a). The
overpotential of 2e” ORR on CoS, is, therefore, determined by
the reduction of OOH* to H,0, (only 0.14 eV uphill in free
energy), making CoS, very active toward H,0O, formation. On
the other hand, the selectivity of 2e™ vs 4™ ORR is determined
by the resistance to O—O bond scission,23_25 forming O*
and/or OH* as adsorbates for 4e~ ORR.

OOH* + (H' + ¢7) - H,0, + *

0, + 2% - 20* (3)
OOH* + * — O* 4+ OH* 4)
OOH* + (H* + ¢7) - O* + H,0 (5)

The O—O bonds in adsorbed O, and OOH* can potentially
be thermally cleaved onto adjacent active sites (eqs 3 and 4),
but these processes exhibit substantial activation energy
barriers on CoS, (0.59 and 0.78 eV, respectively). We find
that the crucial O—O bond cleave process in OOH* happens
preferentially via a binuclear pathway across two neighboring
Co sites (barrier of 0.78 eV) rather than neighboring Co and S
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sites (0.84 eV), most likely due to the strong binding
preference of O* to S and OH* to Co, respectively. Another
possible pathway is the migration of OOH* onto S prior to
dissociation; however, we can disregard this pathway because
the energetics of this migration is less favorable than the
binuclear dissociation barrier across neighboring Co sites. This
is consistent with the established understandings on the
molecular ORR catalyst cobalt porphyrins that (1) monomeric
cobalt porphyrins usually catalyze 2~ ORR and (2) cofacial
dicobalt porphyrins catalyze 4e~ ORR.”’

Focusing specifically on the key potential-determining step,
OOH* cleavage is unlikely to compete with the rapid
reduction of OOH* to H,0, (eq 2). This observation lies in
sharp contrast to close-packed metal surfaces, which, in turn,
display minimal activation barriers for rapid OOH* scission
(0.06, 0.16, and 0.06 eV on (111) facet of Pd, Pt, and Cu).*
We hypothesize that such difference is associated with the
absence of active ensemble sites in the crystal structure of
CoS,. The neighboring Co sites in CoS, are separated by 3.941
A, whereas the minimum-energy configuration of OOH* has
an O—O bond length of only 1.435 A (Figure 1b). To reach
the transition state for OOH* scission, the O—O bond in
OOH* elongates considerably to 1.814 A and becomes highly
strained (Figure 1c), the CoS, also experiences significant
lattice distortion with a shorter distance between neighboring
Co sites (3.645 A). In contrast, the transition state for OOH*
scission on close-packed metal surfaces is much less distorted
from the reactant geometry. In addition, O—O bond cleavage
through reductive elimination of OOH* (eq 5) is also
kinetically disfavored on CoS,. Compared to most metal
surfaces that interact closely with both oxygens in OOH¥*, only
one of the oxygens in OOH¥* is in the immediate vicinity of the
CoS, surface due to its isolated active sites (Figure 1d). As a
result, PCET to the surface-bound oxygen on CoS, (leading to
H,0,) likely dominates over that to the distant oxygen
(yielding H,O and O*), which requires through-space transfer
(approximately 3 A, see Figure 1d) or tunneling through the
O—0 bond. The addition of an empirical dispersion correction
to these density functional results does not qualitatively alter
this picture (Figure S1 in the Supporting Information).”*

Our experimental results (see below) suggest that the
operating catalyst surface appears to be unoxidized, and, thus,
we do not expect a high surface coverage of O*. Nonetheless,
we find that the binding energy of OOH* is fairly insensitive to
the coverage of O* on S (its preferred binding site), with an
adjacent O* altering the OOH* binding energy by only ~0.07
eV. We discount the buildup of OH* due to its presumed
rapid reduction to water. Overall, our computational results
suggest that 2e” ORR is selectively initiated at low over-
potential on the single Co site of CoS,, while 4 ORR on
CoS, is kinetically suppressed by the large spacing between
neighboring Co sites.

To experimentally verify our computational predictions, we
prepared CoS, nanomaterials via thermal sulfidation of
hydrothermally synthesized cobalt hydroxide carbonate
hydrate nanomaterials (Figure S2a).”' Scanning electron
microscopy (SEM) images of CoS, showed the nanowire
morphology with surface roughness (Figure S2b). Powder X-
ray diffraction (PXRD) (Figure S2c) and energy-dispersive X-
ray spectroscopy (EDS) (Figure S3) confirmed the phase
purity and elemental compositions of CoS,. We systematically
studied the catalytic activity and selectivity of the CoS,
nanomaterials toward 2e~ ORR in both acidic (0.05 M
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H,S0,) and neutral (0.05 M Na,SO,) solutions using a
rotating ring-disk electrode (RRDE) that consists of a glassy
carbon (GC) disk surrounded by a Pt ring. The collection
efficiency of the bare RRDE, calibrated with a reversible and
fast ferri-/ferrocyanide redox couple when both ferricyanide
reduction on the GC disk and ferrocyanide oxidation on the Pt
ring are diffusion-limited, is 0.43 and is independent of the
RRDE rotation rate (Figure S4). To determine ORR selectivity
using this collection efficiency value, the Pt ring needs to drive
fast H,0, oxidation without triggering water oxidation.””*°
This ring potential is usually set between 1.2 and 1.3 V vs
reversible hydrogen electrode (RHE) regardless of the pH of
the electrolyte.” > We experimentally verified that 1.3 V vs
RHE is an appropriate ring potential for both 0.05 M H,SO,
and 0.05 M Na,SO, by performing ORR measurements and
analyzing H,0, selectivity of commercial Pt/C (a known 4e”
ORR catalyst’') and Vulcan carbon black (moderately
selective toward 2e~ ORR but has a poor activity''), as
shown in Figures S5 and S6.

We then drop-casted CoS, nanomaterials on RRDE (cobalt
loading 305 pug/cmgy’) without carbon support and
measured their intrinsic activity and selectivity toward 2e”
ORR in both acidic and neutral solutions without interference
from carbon (Figure 2). The disk potential was set not to
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Figure 2. (a, ¢) RRDE measurements of drop-casted CoS, (cobalt
loading = 305 pug/cmgy’) at different rotation rates and (b, d) the
corresponding H,0, selectivity in O,-saturated (a, b) 0.05 M H,SO,
and (¢, d) 0.05 M Na,SO,.

exceed 0.80 V vs RHE to prevent the anodic dissolution of
CoS, via oxidation of sulfide to sulfate.**** We note that, for
the ease of directly visualizing the H,O, selectivity from the
RRDE voltammograms (Figure 2a,c), both the disk and the
ring current densities are presented based on the geometric
area of the disk electrode (0.126 cm?), and the ring current
density was further adjusted by collection efficiency. In 0.0S M
H,S0, (pH 1.26), the catalytic onset on CoS, was close to the
thermodynamic potential of 2e” ORR (0.69 V vs RHE). As the
disk potential was swept negatively, the disk current density
kept increasing, whereas the ring current density reached its
maximum and then declined (Figure 2a), indicating that the
optimal H,O, production on CoS, in the acidic solution takes
place at the low overpotential region. Nevertheless, the H,O,
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selectivity peaked at 70—80% and remained above 50% over a
wide potential range (above 0.35 V vs RHE, Figure 2b),
suggesting that H,O, is the primary ORR product on CoS, in
the acidic solution before 4e” ORR takes over at high
overpotentials. We further performed the same RRDE
measurement in 0.1 M HCIO, (pH 1.02) to show that the
ORR activity and selectivity of CoS, in the acidic solution are
unaffected by the electrolyte anions (Figure S7a—d). The
H,0, selectivity of CoS, in 0.05 M H,SO, (determined by the
RRDE method) exhibits a slight dependence on the rotation
rate (Figure 2b); such dependence, as documented in the
RRDE theory and reported on other ORR catalysts, is
characteristic of the ORR that has multiple parallel pathways.*’
To further confirm this, we examined the ORR on CoS, under
a higher concentration of acid (0.5 M H,SO,, pH 0.35) and
still observed such dependence (Figure S7e,f), suggesting that
the local pH variation at the catalyst surface (which might be
more severe in the more diluted acidic solution) is unlikely to
be the cause of such dependence. Electrochemically active
surface areas (ECSAs) of drop-casted CoS, in different acidic
solutions were estimated by the double-layer capacitance (Cg)
measurements (Figure S8). In the neutral solution of 0.05 M
Na,SO, (pH 6.14), the catalytic onset on CoS, took place
around 0.54 V vs RHE (150 mV overpotential for 2e” ORR),
both the ring current density (Figure 2c) and the H,0,
selectivity (below 50%, Figure 2d) were lower than those
achieved in 0.05 M H,SO,. To explain the observed pH
dependence of the H,0, selectivity, we suggest that, in the
neutral solution where proton concentration is sufficiently low,
H,O instead of H" becomes the major proton source involved
in the ORR elementary steps (eqs 1—5) and, therefore, alters
the catalytic mechanism and selectivity. Note that using
unbuffered 0.05 M Na,SO, as the neutral electrolyte, even
though closer to the practical applications, has some
limitations because the local pH at the catalyst surface could
become more alkaline under ORR conditions and may vary
across the potential sweep. We do not present experimental
results of the ORR on CoS, in the alkaline solution because
(1) H,0, is known to be chemically less stable in the alkaline
solution," which we experimentally verified by observing a
higher decomposition rate of nonstabilized H,O, in the
alkaline solution compared with that in the acidic solution,
which is negligible over the time period of one week (Figure
S9); (2) CoS, is not chemically stable in the alkaline solution
under oxidative environments.>> Overall, these results show
that the electrocatalytic production of H,O, on CoS, is quite
efficient in the acidic solution and is feasible in the
noncorrosive neutral solution.

To explore the optimal operating conditions of electro-
catalytic H,O, production on CoS, in the acidic solution, we
investigated the influence of catalyst loadings on the ORR
activity and selectivity of drop-casted CoS, in 0.05 M H,SO, at
2025 rpm (Figures 3, S10 and Table S1). As the cobalt loading
was gradually reduced from 305 to 76 pug/cmgy’, the disk
current density became smaller (Figure 3a) due to the lower
amount of catalytic active sites; however, the H,0, selectivity
at high overpotentials clearly improved (Figure 3b). Interest-
ingly, the two lowest cobalt loadings (76 and 152 ug/cmggy?)
exhibited essentially the same H,O, selectivity over the entire
potential range. We hypothesize that (1) when the catalyst
loading is below a certain critical value, the catalytic active sites
are likely to be completely saturated by the steady-state O, flux
at the RRDE surface, yielding the nearly identical H,0,
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Figure 3. (a) RRDE measurements of drop-casted CoS, with various
cobalt loadings at 2025 rpm in O,-saturated 0.05 M H,SO,, (adapted
from Figures 2a and S10). Comparisons of (b) the H,O, selectivity
and (c) the ring current density. Comparisons of the ring current
density and the H,0, selectivity at 0.46 V vs RHE are highlighted in

).

selectivity profiles; (2) as the catalyst loadings go beyond
this critical value, the excess catalytic active sites that are not
saturated by the O, flux might trigger side reactions (4~ ORR,
H,O0, reduction and/or decomposition) at high overpotentials
that reduce the H,O, selectivity. Nevertheless, at the more
important low overpotential region, the high selectivity of
H,0, formation on CoS, is less affected by catalyst loadings
(Figure 3b), and the ring current density still increases with
higher catalyst loadings (Figure 3c). This is particularly the
case at 0.46 V vs RHE where the maximum ring current
density was achieved at the highest cobalt loading (Figure 3d).
Since the practical focus of electrocatalytic H,O, production is
to boost the overall H,O, yield at small overpotentials, these
results suggest that a high catalyst loading of CoS, should be
used for the best overall performance of electrocatalytic H,O,
production in the acidic solution. The catalyst loading effects
of drop-casted CoS, were also studied in 0.05 M Na,SO,
(Figure S11). ECSAs of drop-casted CoS, in both 0.05 M
H,SO, and 0.05 M Na,SO, systematically increased at higher
catalyst loadings (Figure S12).

To compare the catalytic performance of CoS, with other
reported ORR electrocatalysts for H,O, production in the
acidic solution based on RRDE measurements, we extracted
the kinetic current density for H,O, production (jk,Pemxide, see
definition in the Supporting Information) from the RRDE
voltammograms of CoS, (cobalt loading = 305 pug/cmyy?) in
0.05 M H,SO, (shown in Figure 2a) by correcting the ring
current density (i.e., the hydrogen peroxide current density,
Jperoxider S€€ definition in the Supporting Information) for mass-
transport loss (see Figure S13 and Table S2 for details). From
the point of view of end applications, ji peroxige 15 the most
relevant parameter to reflect how much H,0O, product can be
generated on the catalyst electrode (i.e., the actual yield of the
H,0, product) at a given potential without mass-transport
limitation. We note that ji ,e;oxde can be affected by the catalyst
loading and the catalyst surface area; therefore, we normalized
Jiperoxide tO the geometric area of the disk electrode for the ease
of directly comparing the overall electrode performances of
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CoS, and other reported ORR catalysts (with their RRDE
electrode information summarized in Table S3). The
comparison of the mass-transport-corrected Tafel plots of

Jiperoxide 1D the acidic solution (Figure 4) clearly shows that, at
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Figure 4. Comparisons of the mass-transport-corrected Tafel plots of
the kinetic current densities for H,O, production (jk,peroxidel see
definition in the Supporting Information) in the acidic solution for
CoS, and other reported ORR electrocatalysts based on RRDE
measurements. Data for CoS, (red trace) is from this work based on
the RRDE voltammogram of drop-casted CoS, (cobalt loading = 305
ug/cmgg2) in 0.05 M H,SO, at the rotation rate of 1600 rpm (shown
in Figure 2a) and is cut-off at 0.45 V vs RHE where the ring current
density (i.e, the hydrogen peroxide current density, Jperoxider S€€
definition in the Supporting Information) at 1600 rpm reaches its
maximum. The curvature in data for CoS, is due to the decrease in
the H,0, selectivity of CoS, at higher overpotentials. Other data are
adapted from the previous literature (as summarized in Table S3 in
the Supporting Information): ref 14 for Pt—Au NPs; ref 15 for Pt—Hg
NPs/C and Pt—Hg (pc); ref 16 for PdA—Hg NPs/C, Pd—Hg (pc), Ag
(pc), Ag—Hg (pc), Cu—Hg (pc); ref 17 for Pt;/SC; ref 18 for Pt/
TiN; ref 19 for h-Pt;/CuS,; ref 36 for N/C; ref 37 for Co-N/C. The
data with the asterisk (*) is normalized with the geometric area of the
disk electrode. The data without the asterisk is normalized to the
surface area of the catalyst (when available).

the most important low overpotential region, the overall
electrode performance of H,0, production on the CoS,
catalyst is approaching those on the state-of-the-art catalysts
based on noble and/or toxic metals.

We further examined the operational stability of drop-casted
CoS, by running successive RRDE scans in 0.05 M H,SO, and
0.05 M Na,SO, while sequentially changing the rotation rate
back and forth between 400 and 2025 rpm (Figures S14 and
S15). In both acidic and neutral solutions, the disk current
density for the highest cobalt loading (305 pug/cmyy’) stayed

almost unchanged over the scans (Figures S14d and S15d),
suggesting that CoS, is reasonably stable under ORR
conditions; on the other hand, the ring current density slightly
decreased during operational stability tests (Figures Sl4e and
S1Se), which is likely due to the gradual poisoning of the Pt
ring by the strongly absorbing sulfate anions from the
electrolytes rather than the degradation of H,0, selectivity
(similar observations were also reported in a recent RRDE
study of 2e ORR on carbon materials in the strongly
absorbing phosphate buffer solution®). At lower cobalt
loadings, however, the decrease in the disk current density
was more significant in both solutions (Figure S16). We
further assessed the phase purity and surface chemical states of
CoS, before and after operational stability tests with Raman
spectroscopy and X-ray photoelectron spectroscopy (XPS).
Raman spectra confirmed that the crystal structure of CoS, was
well-preserved without the appearance of impurity phases after
operational stability tests (Figure Sa). The binding energies of
the predominant Co 2p (778.9 and 794.0 eV) and S 2p (163.0
and 164.0 eV) XPS signals, in good agreement with the
literature values of pristine surface-unoxidized CoS,,”’
remained the same after operational stability tests in both
solutions (Figure Sb,c). We observed sulfate XPS signals
(169.3 eV) after operational stability tests albeit their weak
intensities. Although the sulfate peak might arise from
sulfonate groups in the Nafion ionomer (we ruled out the
possibility of the residual H,SO, electrolyte in the tested
catalyst by examining the catalysts tested in the HCIO,
electrolyte, see Figure S17), we suspect that the CoS, surface
could be slowly oxidized into sulfate species by the dissolved
O, or the electrogenerated H,0, under ORR conditions and
then be quickly refreshed to expose unoxidized CoS, upon the
subsequent dissolution of sulfate species in both acidic and
neutral solutions.

We also carried out the Koutecky—Levich (K—L) analysis as
an alternative to determine the H,0, selectivity (or the
electron transfer number of the ORR). Since the K—L method
requires a sufficient catalyst loading to completely react with
the steady-state O, flux at the electrode surface and reach the
limiting current,” we performed the K—L analysis on the
highest catalyst loading of drop-casted CoS, in 0.05 M H,SO,.
We used commercial Pt/C as an internal standard of the 4e”
ORR in the acidic solution for the K—L analysis to deduce the
electron transfer number of the ORR on drop-casted CoS, by
comparing the slope of the K—L plots (Figure S18 and Table
S4) to minimize the impact by the uncertainties in the
diffusion constant of O, in the ionomer film and the kinematic
parameters of the electrolyte. The K—L analysis (Figure S18c)
yields similar (or slightly higher) H,0, selectivity values of
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Figure S. Structural and compositional characterizations of drop-casted CoS, before and after operational stability tests in O,-saturated 0.05 M
H,S0, and 0.05 M Na,SO,. (a) Raman spectra, (b) Co 2p and (c) S 2p XPS spectra.
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drop-casted CoS, and a similar trend up to about 0.46 V vs
RHE compared with the RRDE method (Figure 2b); however,
the H,O, selectivity from the K—L method is clearly higher at
the low overpotential region. We think that the RRDE method
is better for the drop-casted CoS, electrode than the K—L
method, because the K—L method is only applicable to single-
step and one-way reactions with a first-order dependence on
the gas-phase reactant, whereas the ORR is a multistep process
with parallel pathways.””*® Therefore, we prefer to report the
H,O0, selectivity determined by the RRDE method.

Finally, since RRDE only enables instantaneous detection of
H,0, intermediate, to ensure that H,O, is indeed electro-
chemically produced on CoS, and can accumulate in the
solution (which is critical for practical on-site production of
H,0,), we carried out chemical, rather than electrochemical
(RRDE), detection of H,0, using a ceric sulfate titration
method (2Ce** + H,0, — 2Ce* + 2H* + 0,).° To achieve a
larger catalytic current and, therefore, a higher H,0, yield, we
directly grew CoS, nanowires onto the high-surface-area three-
dimensional carbon fiber paper substrate as the working
electrode (CoS,/CFP, Figure 6a). A three-electrode H-cell
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Figure 6. Electrocatalytic production of H,0, on CoS,/CFP in a
three-electrode H-cell setup and chemical quantification of the H,O,
product. (a) SEM image of CoS,/CFP. (b) Bulk ORR electrolysis of
two CoS,/CFP electrodes at 0.5 V vs RHE in O,-saturated 0.05 M
H,SO, and the corresponding (c) cumulative H,O, yield, (d)
cumulative H,O, selectivity and Faradaic efliciency.

setup (Figure S19) was used to avoid the oxidation of H,0,
product on the counter electrode, and a minimal volume (3
mL) of the electrolyte was filled into the working electrode
compartment to obtain higher concentrations of H,0,. In 0.05
M H,SO,, the catalytic onset on CoS,/CFP was similar to that
on drop-casted CoS,, whereas the plain CFP was inert toward
the ORR (Figure S20). To perform the bulk ORR electrolysis
on CoS,/CFP in the acidic solution, we set the working
electrode potential at 0.5 V vs RHE (around the optimal
operating potential identified earlier from the RRDE results)
and applied vigorous stirring (1200 rpm) to facilitate the mass
transport of O, (Figure S20b). Two working electrodes with
similar geometric areas (0.907 and 0.875 cm¢pp’) fabricated
from one synthesis of CoS,/CFP (cobalt loading = ~374 ug/
cmcpp®) were tested, showing highly reproducible results
(Figures 6b and S21). During the 60 min bulk electrolysis,
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multiple aliquots of electrolyte were sampled out of the
working electrode compartment at specific time intervals for
chemical detection of H,0, (Figure S22). Soon after the bulk
electrolysis started, the overall catalytic current quickly reached
steady state, the cumulative H,O, yield displayed an almost
linear increase for about 30 min (Figure 6¢c) with the
cumulative H,0, selectivity and Faradaic efliciency staying
above 70 and 54% (Figure 6d, matched well with the RRDE
results). As the bulk electrolysis further progressed, the overall
catalytic current started to slowly increase, whereas the
cumulative H,O, yield experienced a less steady growth. We
speculate that the accumulation of H,O, in the electrolyte
might speed up side reactions such as H,0, reduction
(generating additional current without increasing H,0,
yield) and/or decomposition (by the Nafion membrane or
other impurities'>). Nevertheless, at the end of the 60 min
electrolysis, the cumulative H,0O, selectivity and Faradaic
efficiency remained nearly 60 and 43%, respectively, and the
cumulative H,O, yield and concentration could eventually
reach around 13 pmol and 148 mg/L, respectively. PXRD
confirmed the crystalline phase of CoS, in the post-electrolysis
CoS,/CFP electrode (Figure S23). It is worth noting that
there have been very few ORR catalysts reported with
chemically quantified H,0, production in acidic solutions,
and most are based on noble metals.'” The overall H,0,
production performance of CoS,/CFP is comparable to that of
the benchmark Pt—Hg alloy catalyst'> under similar acidic
conditions (see details in Table SS), making CoS, a more
inexpensive and practical catalyst candidate for applications.

B CONCLUSIONS

In conclusion, our combined computational/experimental
study demonstrates CoS, as an earth-abundant transition-
metal compound showing great promise for electrocatalytic
production of H,0O, in acidic and neutral solutions.
Computations successfully predict the high activity and
selectivity of CoS, toward 2e” ORR due to the modest
binding of OOH™ adsorbate and the kinetically disfavored O—
O bond scission resulting from its structural features. Both
RRDE measurements of drop-casted CoS, nanomaterials and
bulk ORR electrolysis using CoS, nanowires directly grown on
the high-surface-area carbon fiber paper electrode followed by
chemical quantification of H,0, product show highly efficient
electrocatalytic production of H,0, on CoS, in the acidic
solution (0.05 M H,SO,) with a ~70% H,0, selectivity at
~0.5 V vs RHE and good operational stability. CoS, also
catalyzes 2e” ORR with less activity and selectivity in the
noncorrosive neutral solution (0.05 M Na,SO,) that has
practical implications. This integrated study, guided by
computations, not only establishes an efficient and new
earth-abundant electrocatalyst (CoS,) for H,0, production
in acidic and neutral solutions but also reveals general
mechanistic insights into the activity and selectivity of earth-
abundant transition-metal compounds toward 2e” ORR with
unprecedented details, creating new opportunities in search of
more active and selective electrocatalysts for highly efficient
decentralized on-site production of H,O,.

B METHODS AND MATERIALS

Computational Methods. All calculations were per-
formed using the Vienna Ab-initio simulation fackage
(VASP)**™*' version 5.4.1 via the ASE interface.”” Core
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electrons were treated using the projector augmented wave
method**** (valence electrons were expanded in plane waves
up to 400 eV) in conjunction with the Perdew—Burke—
Ernzerhof (PBE) exchange—correlation functional.**° Single-
point calculations were performed with the continuum solvent
method VASPsol to account for solvation effects for surface-
bound species.””** The lattice constant of CoS, was
determined by fitting to an equation of state,*”*" with all
atoms allowed to relax at a series of fixed lattice constants. The
(100) surface of CoS, was modeled as a 1 X 1 slab with two
repeats of the optimized primitive bulk unit cell in the
direction perpendicular to the surface, yielding a thickness of
0.95 nm (a total of 8 Co atoms and 16 S atoms). Bulk
calculations were performed using a I'-centered 10 X 10 X 10
Monkhorst—Pack mesh,”" whereas slab calculations used a 10
X 10 X 1 mesh. The bottom half of the slab was fixed to the
bulk geometry, whereas the upper half was allowed to relax.
Transition states were determined using the nudged elastic
band and dimer routines and were confirmed to have one
imaginary frequency corresponding to the reaction coordi-
nate.”>™>® Vibrational frequencies for all calculations were
determined by diagonalization of the mass-weighted partial
Hessian (most earth-abundant isotopic masses) comprising all
relaxed atoms.”’

Binding free energies were calculated relative to O, and
Hip' + enq - The free energy of Hig" + eqy was
determined at a given voltage relative to the standard hydrogen
electrode via its equilibrium with H,, (the so-called
computational hydrogen electrode).”” To circumvent well-
known issues with the DFT treatment of Oy, its free energy
was chosen to match the experimental reduction potential of
1/20, + 2H" + 2e” - H,0 (E° = 1.229 V). The free energies
of all other species were determined by G = H — TS°, where H
is the enthalpy, including both zero-point and thermal enthalpy
corrections, and S° is the total experimental entropy at 298K
and 1 bar (for gas-phase species) or calculated under the
harmonic approximation (for surface-bound species). The free
energy of liquid H,O(; was determined using the free energy of
formation of liquid H,0 ;) and gas-phase H,O ). The solvation
free energy of H,0,(,q) was determined using the experimental
Henry's law constant.”® The calculated standard equilibrium
reduction potential of the 2e” ORR reaction O,y + 2H" + 2e”
— H,0,(,) is 0.81 V (as compared to the experimental value
of 0.69 V).

In addition, energetics were also calculated with the PBE-
D3(ABC) dispersion-corrected density functional method
(Figure S1).”* Although adding a dispersion correction caused
adsorbed intermediates to bind more strongly to the CoS,
surface, it led to an overall very small change in the energetics
(compare Figures 1 and S1) and, therefore, did not affect the
qualitative results.

Chemicals. All chemicals were used as received without
any purification. Deionized nanopure water (Thermo
Scientific, Barnstead Nanopure, 18.2 MQ cm) was used for
all experiments.

Materials Synthesis. The synthesis of CoS, nanomaterials
and the direct growth of CoS, nanowires onto the carbon fiber
paper substrate (CoS,/CFP) follow a published procedure™
with minor modifications (see the Supporting Information for
details).

Materials Characterization. Powder X-ray diffraction
(PXRD) patterns were collected on a Bruker D§ ADVANCE
powder X-ray diffractometer using Cu Ko radiation. Scanning
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electron microscopy (SEM) and the corresponding energy
dispersive X-ray spectroscopy (EDS) were performed on a
Zeiss SUPRA SSVP field emission SEM equipped with a
Thermo Fisher Scientific UltraDry EDS detector. The
accelerating voltages for SEM and the corresponding EDS
analyses were 1 and 17 kV, respectively. X-ray photoelectron
spectroscopy (XPS) was performed on a Thermo Scientific K-
Alpha XPS system with an Al Ka X-ray source. Raman
spectroscopy was collected on a Horiba Labram Aramis Raman
Spectrometer using a 532 nm laser source with attenuated laser
intensity to avoid sample degradation. Detailed sample
preparations for SEM, XPS, and Raman spectroscopy are
described in the Supporting Information.

Electrode Preparation. All working electrodes for electro-
chemical measurements were prepared on a rotating ring-disk
electrode (RRDE-3A, ALS Co., Ltd) comprised of a glassy
carbon (GC) disk (O.D. 4 mm) surrounded by a Pt ring (LD.
S mm, O.D. 7 mm). The RRDE was polished successively with
deagglomerated 1, 0.3, and 0.05 pm alumina suspensions
(Allied High Tech Products, Inc.) on a polishing cloth
(Buehler, MicroCloth, PSA), prewet with nanopure water,
followed by rinsing thoroughly with nanopure water and
methanol, sonicating in methanol for less than 20 s, and drying
under ambient condition before use. To prepare working
electrodes of drop-casted CoS, with the same Nafion loading
but different cobalt loadings (Table S1), the same amount (~5
mg) of CoS, powders was suspended in different volumes of
the 1:9 (v/v) mixture of the Nafion solution (Sigma-Aldrich, §
wt % in lower aliphatic alcohols and water) and nanopure
water by sonicating for 1 h, then a fixed volume (10 uL) of the
suspension was drop-casted onto the disk of RRDE and dried
under ambient condition at a rotation rate of 700 rpm to
achieve a uniform catalyst film.”’

Electrochemical Measurements. RRDE measurements
were performed in a single-compartment three-electrode cell
connected to two synchronized Bio-Logic SP-200 potentio-
stats. A graphite rod and a Hg/HgSO, (saturated K,SO,)
electrode were used as the counter and reference electrodes,
respectively. Solutions of 0.05 M H,SO,, 0.5 M H,SO,
(diluted from concentrated H,SO, Sigma-Aldrich, 95.0—
98.0%), and 0.1 M HCIO, (diluted from concentrated
HCIO,, Sigma-Aldrich, 70%, trace metal basis) were used as
the acidic electrolyte; solution of 0.05 M Na,SO, (prepared
from Na,SO,, Sigma-Aldrich, >99.0%, anhydrous) was used as
the neutral electrolyte. The pH values of as-prepared and O,-
saturated electrolytes (purged with O, gas for at least 15 min)
were measured as follows.

pH = 1.26 for as-prepared 0.05 M H,SO,; pH = 1.26 for O,-
saturated 0.05 M H,SO,

pH = 5.71 for as-prepared 0.05 M Na,SO,; pH = 6.14 for
O,-saturated 0.05 M Na,SO,

pH = 1.02 for as-prepared 0.1 M HCIO,; pH = 0.35 for as-
prepared 0.5 M H,SO,

The increase in the pH value after purging the electrolyte
with O, gas was due to the elimination of dissolved CO, gas,
which has a more pronounced effect on the neutral electrolyte
compared with the acidic electrolyte. The Hg/HgSO,
(saturated K,SO,) reference electrode was calibrated against
the standard saturated calomel electrode (SCE, Egcg = 0.241 V
vs normal hydrogen electrode, NHE). Since the ORR
measurements were performed in O,-saturated electrolytes,
all potentials were reported versus reversible hydrogen
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electrode (RHE) according to pH values of O,-saturated
electrolytes.

EHg/HgSO4 = Egcp + 0404 V = 0.645 V vs NHE (in 0.05 M
H,S0,)

E vs RHE = E vs NHE + 0.059 X 1.26 V = E vs Hg/HgSO,
+0.719 V (in 0.05 M H,SO,)

Eng/itgso, = Esce + 0409 V = 0.650 V vs NHE (in 0.1 M

HCIO,)

E vs RHE = E vs NHE + 0.059 X 1.02V =E vs Hg/HgSO4
+0.710 V (in 0.1 M HCIO,)

Etig/tgso, = Esce + 0434 V = 0.675 V vs NHE (in 0.5 M
H,S0,)

E vs RHE = E vs NHE + 0.059 X 0.35 V = E vs Hg/HgSO,
+0.696 V (in 0.5 M H,S0,)

Engngso, = Esce + 0.383 V = 0.624 V vs NHE (in 0.05 M
Na,S0,)

E vs RHE = E vs NHE + 0.059 X 6.14 V = E vs Hg/HgSO,
+0.986 V (in 0.05 M Na,SO,)

Detailed protocols for RRDE measurements are described in
the Supporting Information.

Bulk ORR Electrolysis on Integrated CoS,/CFP
Electrode and Chemical Quantification of H,0, Prod-
uct. For bulk ORR electrolysis, CoS, nanowires directly grown
on the carbon fiber paper (CoS,/CFP) were used as the
working electrode to achieve a larger catalytic current and,
therefore, a higher H,O, yield. To prepare working electrodes
of CoS,/CFP, S min epoxy (Devcon) was used to define the
geometric area of the working electrodes to about 1 cm X 1 cm
(Figure S19a). A three-electrode H-cell setup was used to
avoid the oxidation of the H,0, product on the counter
electrode, and a minimal volume (3 mL) of the electrolyte was
filled into the working electrode compartment to obtain higher
concentrations of H,0, (Figure S19b). Detailed protocols for
bulk ORR electrolysis and chemical quantification of H,O,
product are described in the Supporting Information.
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