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Abstract

Future large-scale application of intermittent renewable sourced energy requires
low cost, efficient, and less resource-demanding energy storage systems for grid
balancing. Conventional unitized regenerative fuel cells (URFCs) based on the water-
H> cycle are promising but suffer from high overpotential and low energy efficiency.
Herein, we demonstrate a highly efficient unitized regenerative hydrogen peroxide
(H202) cycle cell (UR-HPCC) for renewable energy storage. The prototype utilized a
carbon-based platinum group metal-free (PGM-free) catalyst with atomically dispersed
Co and N dopants (Co-N-C) as the bifunctional oxygen electrode catalyst for the
hydrogen peroxide oxidation reaction (HPOR) and two-electron oxygen reduction
reaction (2e-ORR) in H»O; electrolyzer and fuel cell modes, respectively. This
prototype showed a close-to-zero overpotential with a remarkably high round-trip
efficiency of over 90%, which was attributed to the ideal catalytic properties of Co-N-
C toward HPOR and 2e-ORR. Thermodynamic analysis of the above single-

intermediate reactions suggests the intrinsic supremacy of UR-HPCC in energy



efficiency and reversibility over conventional URFCs, paving the road to future

sustainable distributed generation and energy storage systems.
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Future wide-scale installation of renewable electricity, such as wind and solar
power, demands flexible distributed energy storage systems to balance the grid power
fluctuation between peak and off-peak hours.? Unitized regenerative fuel cells
(URFCs), as one promising energy storage technology, integrate the functions of water
electrolyzer (WE) and hydrogen fuel cell (FC)."* When excess electricity is available,
the URFCs operate in WE mode and electrolyze water into hydrogen and oxygen to
store electrical energy. At night, or when additional baseload power is required to
supplement solar and wind, the URFCs operate in FC mode and generate electric power
while converting hydrogen back to the water. The numerous advantages of URFCs,
including reduced hardware cost, flexibility and fast response for grid balancing, and
clean Ho-water cycle operation, render it highly attractive.!** However, to be considered
for the renewable energy storage system, current URFCs must reduce the overpotential
originating from the sluggish oxygen reduction reaction (ORR) and oxygen evolution
reactions (OER) at the same time to achieve a high round-trip efficiency (RTE).**
While drastic progress has been made in this field, the state-of-the-art proton exchange
membrane (PEM) URFCs are still far from reaching zero overpotential and 100%
energy efficiency.*””

To date, the onset overpotential for ORR in FC mode (#rc) and for OER in WE
mode (ywg) are typically ca. 0.2 V, which adds up to a total onset overpotential (#otal)
of ca. 0.4 V in PEM URFC.*!° The high overpotential in PEM URFC yields a low RTE
of 40-60%." In addition, the use of precious metal-based catalysts for OER and ORR,
such as iridium and platinum, also increases the cost of PEM URFCs systems.>!!"13 The

complicated multistep ORR/OER mechanisms, the scaling relationship of the
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thermodynamic barriers along the reaction pathways, and the lack of ideal catalytic
materials make it extremely challenging, if all possible, to further reduce the
overpotential in the current water-Hz cycle PEM URFC systems. 417

Recently, we proposed to empower the electrochemical synthesis and electrolysis
of H,O, for distributed energy storage and demonstrated a highly efficient PEM
hydrogen peroxide electrolyzer (HPEL) for power-to-hydrogen conversion.'® However,
to the best of our knowledge, the concept of energy storage based on the
electrochemical cycle of H>O; has not been demonstrated in the URFC-type devices.

Herein we propose a revolutionary design of PEM URFC based on the
electrochemical cycle of hydrogen peroxide, namely unitized regenerative hydrogen
peroxide cycle cell (UR-HPCC) (Figure 1). The proposed UR-HPCC can operate in
either hydrogen peroxide electrolyzer (HPEL) mode to store the “off-peak™ electricity

from solar or wind farms, or in fuel cell (FC) mode to generate electricity at the peak

hour. In HPEL mode, the device splits H,O> and produces H2/O> through hydrogen

peroxide oxidation reaction (HPOR: H,0, — Oz + 2¢ + 2H", E°= 0.695 V vs. SHE)

and hydrogen evolution reaction (HER: 2H* + 2¢ — Ha, E° = 0 V vs. SHE), storing

electric energy in the form of hydrogen fuel. In FC mode, the UR-HPCC utilizes the H»

and O to generate electricity while producing H>O> via hydrogen oxidation reaction

(HOR: H,— 2¢” +2H", E® =0 V vs. SHE) and two-electron oxygen reduction reaction

(2e-ORR: Oy + 2¢” + 2H" — H,0,, E°=0.695 V vs. SHE). This UR-HPCC utilized a

constant gas electrode design, where HPOR and 2e-ORR occur in the oxygen electrode
while HER and HOR occur in the hydrogen electrode, allowing fast switching between
HPEL and FC modes without the risk of mixing Hz and Oz. The thermodynamic
equilibrium potential for HPOR/2e-ORR (0.695 V vs SHE) is much lower than that for
OER/ORR and makes quite a large selection of low-cost materials available to be used
as the oxygen electrode catalyst and bipolar plates in UR-HPCC. Most importantly,
unlike the limiting potentials of OER and ORR which are restricted by the scaling

relationships of the intermediates’ binding energy on catalyst surface, the limiting
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potential for HPOR and 2e-ORR can reach the thermodynamic equilibrium potential of
0.695 V, making it possible to reach the ultimate zero-overpotential operation for UR-
HPCC.!#17

As a proof-of-concept, we demonstrate a highly efficient PEM UR-HPCC by
employing a bifunctional PGM-free Co-N-C catalysts for HPOR and 2e-ORR in the
oxygen electrode. Without the restrictions of scaling relationships of reaction
intermediates, this UR-HPCC achieved a maximum voltage efficiency of over 98%
when operating in HPEL and FC modes and a maximum RTE of ca. 95.8% at low
current density in UR-HPCC mode. This prototype also demonstrated decent stability
with RTE maintained above ca. 79.7% after 15 charge-discharge cycles in 30 h. The
ultra-low overpotential, remarkably high energy efficiency, and decent cyclability of
UR-HPCC rooted in its supreme thermodynamics pave the road to the future large-scale

distributed generation and energy storage systems based on the electrochemical cycle

of H20,.
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Figure 1. Schematic diagram of UR-HPCC system for renewable energy storage and
grid balancing. The system converts and stores electricity from wind and solar power
in the form of hydrogen by splitting H>O> in HPEL mode at “off-peak” hour and

generate electric power in FC mode by converting H» to H>O» at peak hour.
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Synthesis and characterization of bifunctional atomically dispersed Co-N-C
electrocatalyst

We synthesized a bifunctional Co-N-C catalyst by pyrolysis of a precursor mixture
containing cobalt chloride (CoCl2), polyaniline (PANI), and oxidized carbon black
(OCB), followed by acid-leaching and a second heat-treatment (See detailed synthesis
procedures in the Method section). This synthesis method differs from previous PANI-
based synthesis approaches by introducing H>O»> as a clean oxidizer instead of ammonia
persulfate, effectively avoiding metal sulfide formation. The X-ray diffraction pattern

(XRD) pattern of the obtained Co-N-C catalyst shows only two distinct characteristic

peaks at approximately 26.54° and 43.28°, which are ascribed to the (002) and (101)

planes of graphite phase (PDF #57-1621) (Figure 2a). No diffraction peaks from metal-
rich phases were observed. The Co-N-C catalyst's surface compositions and electronic
states were analyzed by X-ray photoelectron spectroscopy (XPS). The estimated atomic
percentage contents of N, O, and Co in the catalysts are 3.73 at.%, 4.76 at.%, and 0.27
at.%, respectively. The high-resolution N 1s XPS spectrum (Figure 2b) can be
deconvoluted into five contributions, including pyridinic-N (398.3 eV), Co-Nx (399.5
eV), pyrrolic-N (400.9 eV), graphitic-N (401.9 eV), and oxide-N (403.2 eV)."” In
addition, the high-resolution Co 2p spectrum can be divided into the 2pi» and 2ps»
regions. The main peaks in the Co 2ps/2 region are 780.9 eV and 782.9 eV and can be
ambiguously assigned to either the Co** or the Co** oxidation states (Figure 2¢).?° The
transmission electron microscopy (TEM) image shows the uniform carbon
nanostructures without any Co-rich particles (Figure 2d). And the associated energy
dispersive spectroscopy (EDS) elemental mapping (Figure 2e) showed the
distinguishable signals of C, N, and Co, revealing the densely and uniformly dispersed
Co atoms on the carbon matrix. The obtained Co-N-C catalyst was further characterized
using aberration-corrected high-angle annular dark-field scanning TEM (HAADF-
STEM). The STEM micrograph confirms isolated Co atoms distributed in the nitrogen-

doped carbon matrix shown as the bright spots (Figure 2f). The above results indicate
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that the catalyst structure is a Co-Nx molecule with Co atoms atomically dispersed in a

nitrogen-doped carbon matrix.
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Figure 2. Characterization of Co-N-C catalyst. (a) XRD pattern, (b) N1s XPS spectrum,
(c) Co 2p XPS spectrum, (d) TEM micrograph, (e) EDS elemental mapping, and (f)
HAADF-STEM micrograph of atomically dispersed Co-N-C catalyst.

Electrocatalytic activity of the bifunctional Co-N-C catalyst for HPOR and 2e-
ORR

The synthesized Co-N-C catalyst showed high catalytic activity for both HPOR
and 2e-ORR during the electrochemical test (Figure 3). When being polarized in a
mixed electrolyte of 0.5 M H2SO4 and 0.5 M H20., the Co-N-C showed an onset
potential of ca. 0.71 V vs. RHE for the HPOR, and the HPOR current further increased
with the potential and achieved a current density of 300 mA cm™ at 1.0 V vs. RHE
(Figure 3a). When polarized from 1 V to 0 V in Oz-saturated 0.5 M H2SO4 solution, Co-
N-C catalyst showed a high onset potential of ca. 0.75 V vs. RHE for 2e-ORR judged
by the onset potential of ring-current. It also demonstrated a high selectivity for 2e-
ORR between 0.6 V and 0.3 V vs. RHE with a hydrogen peroxide yield (Yu202) of 65%
to 60%, which decreased to ca. 35% when the potential decreased to 0 V (Figure 3a and

Figure S1). In comparison, oxidized carbon black (OCB) and nitrogen-doped carbon
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(N-C) showed low activity for both HPOR and 2e-ORR (Figure S1), suggesting that
Co-Nx moieties are the active sites for HPOR and 2e-ORR.

We attributed the excellent HPOR and 2e-ORR activity of Co-N-C catalyst to the
ideal binding energy of HOO* intermediate at Co-Nj sites. Previous computational
works suggested that Co-Ny sites are active for 2e-ORR in acid.?!** The predictated
binding energy of hydroperoxyl intermediate (AGnoo+) at pyrolic-N coordinated Co-Ny4
site is 4.24 eV, and the corresponding free energy is 3.54 eV at 0.7 V, 0.02 eV away
from the ideal value of 3.52 eV (Figure 3c).?? Since HPOR is the reverse reaction of 2e-
ORR and shares the same single intermetiate of HOO*, the thermodynamic energy
barrier for both HPOR and 2e-ORR are the same 0.02 eV, and these Co-Nx sites should
be very active for both reactions as shown above in our work. Correspondingly, the
predicted limiting potential for HPOR should be 0.715 V vs. RHE at standard conditions
(pH =1, 1 M H;0 solution), which is in good agreement with our experimental data.
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Figure 3. Bifunctionality of Co-N-C catalyst for HPOR and 2e-ORR. (a) HPOR
polarization curve in 0.5 M H2SO4 and 0.5 M H202, and 2e-ORR polarization curve in

O;-saturated 0.5 M H2SO4 at 900 rpm, 25 °C. Catalyst loading was 0.1 mg/cm?. (b)



Schematic of HPOR and 2e-ORR pathways catalyzed by Co-Nj site. (c) Free energy
diagram of HPOR/2e-ORR with HOO* intermediate at Co-N-C, N-C, and OCB 2*2>26

Performance of UR-HPCC

The membrane electrode assembly (MEA) of the UR-HPCC was fabricated using
Co-N-C catalyst on carbon cloth as the oxygen electrode, a commercial Pt/C catalyst
on carbon paper as the hydrogen electrode, and Nafion NR211 membrane. A
hydrophilic carbon cloth substrate was used as the porous transport layer of the oxygen
electrode to balance performance between FC and HPEL mode. The detailed membrane
electrode assembly (MEA) fabrication method and cell hardware are described in the
Method section and shown in the Supplementary materials (Figure S2 and S3).

The performance of the UR-HPCC was first evaluated in discrete HPEL mode and
FC mode. Figure 4a shows the polarization curve of the cell in discrete HPEL mode.
Due to the high HPOR activity of Co-N-C catalyst, the cell’s open-circuit voltage (OCV)
in HPEL mode was ca. 0.712 V, with an overpotential (7upeL) of only 8 mV relative to
the theoretical voltage of 0.704 V in 0.5 M H>0O> and 0.5 M H>SOy4 solution. The voltage
efficiency (VEnpeL) remained above 70% at voltage below 1.0 V. The maximum VEnpeL
of 98% can be achieved at OCV thanks to the low overpotential. When the internal
resistance-corrected cell voltage (Eir-free) increased from 0.7 to 1.0 V, the charging
current density (j) increased monotonically to ca. 276 mA cm™. Correspondingly, the
hydrogen generation rate (rn2) increased from 1.34 mmol cm™ h™! to 4.74 mmol cm™ h°
! and the Faraday efficiency for HER (FEm) increases from ca. 83.41% to 96.16%

(Figure 4b). The FEmu2 is less than 100% due to the reduction of crossover H>O»

(HPRRcrossover, H202 + ZI_I+ + 26_ — 2H20, EO = 1.78 V Vs. RHE) at the hydrogen

electrode. The increase of FEu» with cell voltage is attributed to the acceleration of
HPOR and inhibition of the H>O; crossover to the hydrogen electrode (Figure S4, see
Supplementary Information for details).'® During the stability test at a constant current

of 50 mA/cm?, the Ece increased from ca. 0.876 to 1.0 V in 52 h at an average rate of



2.38 mV/h, showing the excellent stability of the cell in discrete HPEL mode (Figure
4c).

Figure 4a also shows the polarization curve of UR-HPCC in discrete H>-O, FC
mode at room temperature. The cell showed an OCV of ca. 0.693 V, corresponding to
nec of 2 mV. The current density increased as the discharge voltage decreased and
reached ca. 278 mA/cm? at 0.25 V. The H2O»-generation rate (r1202) is 0.09 mmol/(cm?
h) at 0.6 Vir-free, and the corresponding Faradaic efficiency for H>O; synthesis (FEu202)
is 62.8% (Figure 4b, and see Supplementary Information for additional discussion).
The 7202 in FC mode increased with discharge current and reached 0.45 mmol/ (cm?
h) at 0.3 V, but the corresponding FEm202 decreased to ca. 13.4%. We attributed the
decrease of FEn202 with cell voltage to the reduction of produced H:O», like the
potential dependency of Y202 observed on RRDE (Figure S1d). In a 52-hour test at 50
mA/cm?, the Ecen decreased from 0.46 to 0.3 V with a rate of 3.0 mV/h, showing an

excellent stability during the continuous operation in FC mode (Figure 4c).
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Figure 4. Performance of the UR-HPCC with PGM-free bifunctional Co-N-C catalyst

on the oxygen electrode in discrete HPEL and FC modes. (a) Polarization and voltage
efficiency curves. (b) Faradaic efficiency for hydrogen generation (FEn2) and for H>O»
synthesis (FEn202) in HPEL and FC modes, respectively. (c) Stability of UR-HPCC in
discrete HPEL and FC modes at a constant current density of 50 mA/cm?. See Method

Section for experimental details.

The UR-HPCC showed a remarkable low overpotential, decent cyclability, and
good stability during a 30-h test (Figure 5). The initial OCV was ca. 0.71 V and 0.69
V for HPEL mode and FC mode, and the total overpotential (7ot = #rc + #HPEL) Was
only 0.02 V, which is consistent with that in discrete modes. Starting from HPEL mode,
the first pol-curves in HPEL and FC modes are close to those measured in discrete mode,
indicating the high cyclability of the UR-HPCC in the first cycle. In 15 cycles, the

polarization curves shifted gradually with a decrease in current density and then
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stabilized after 10 cycles. After 15 cycles, the 7wt increased to ca. 0.11 V, which is still
low enough to provide a high votage efficiency. Figure 5b presents the change of cell
voltage at 50 mA/cm? during the 30-hour cyclability test. In the HPEL mode, the charge
voltage at 50 mA/cm? increased from ca. 0.81 to 0.89 V after 15 cycles. And the
discharge voltage at 50 mA/cm? in FC mode decreased from ca. 0.53 to 0.36 V. The
stability of UR-HPCC is similar to that in discret HPEL and FC mode, suggesting that
the duty cycle did not accelerate the performance degradation. Eventually, the charge-
discharge voltage stablized after 10 cycels, showing good stability of the cell in UR-
HPCC mode (Figure 5b).
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Figure 5. The performance of UR-HPCC during the cyclability test. (a) Polarization
curves in 15 cycles. (b) Change of cell voltage in 30 h stability measurement using

galvanostatic method at 50 mA/cm?. See Method Section for experimental details.
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Figure 6a shows the 2D contour plot of RTE as a function of cell voltages in HPEL
and FC mode (EupeL and Erc) in the first cycle, where RTE = Erc/Enper. With the
extremely 1ow #otal, this UR-HPCC showed a facinatingly high RTE of up to 99.6%,
much higher than that in PEM URFCs (Table S1) based on Hz-water cycle, which can
only reach a maximum of 74.5% as shown in Figure 6b. The RTE above 75% is
forbidden for PEM URFCs due to the limiting potentials (Ur) of ORR and OER, which
are further restricted by the scaling relationships of the intermediates’ binding energy
(HO* and HOO*, AGrHoo* = AGHo+ + 3.2 eV) along the four-electron reaction pathways
(Figure 6d).'*!” In contrast, for the electrochemical cycle of H,O, in UR-HPCC,
HOO* is the single intermediate of 2e-ORR and HPOR. Its binding energy (AGuoox)
is not limited by any scaling relationships of the intermediates. Therefore, the limiting
potential for 2e-ORR and HPOR can reach the thermodynamic equlibrium potential of
the reactions, and the UR-HPCC can reach a theoretical 100%-efficiency, rendering this
system extremely attractive for energy storage applications (Figure 6c¢). Figure 6e
shows the RTE as a function of current density in HPEL and FC modes in the first cycle.
The highest RTE was achieved at the lowest current density. Along the diagonal line
where the charging current and discharging current are equal, the maximum RTE (ca.
95.8%) can be achieved at ca. 1.00 mA/cm?, corresponding to 0.72 V and 0.69 V in
HPEL and FC modes. During the 15-cycles of the UR-HPCC, its maximum RTE
decreased slighly and remained at ca. 80%, much higher than that for state-of-the-art
H>-O, PEM URFCs (Figure 6f).
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Figure 6. The round-trip efficiency (RTE) of UR-HPCC. 2D contour plot of RTE as a

function of cell voltage in (a) UR-HPCC, and (b) URFC with the forbidden region

grayed out. (c) The limiting potentials UL for HPOR and 2e-ORR as a function of

AGmnoo*. (d) Ur for OER and 4e-ORR as a function of AGhoo* and the minimum

overpotentials #oEr-min and #orr-min. The 2D contour plot of RTE as a function of current

density in HPEL and FC modes in (e) the first cycle, and (f) fifteen cycles.

Conclusions

For the first time, we demonstrated a novel PEM UR-HPCC based on the

electrochemical cycling of H>O, for renewable energy conversion and storage. A
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carbon-based platinum group metal-free (PGM-free) Co-N-C catalyst was used as a
bifunctional oxygen electrode catalyst in this UR-HPCC, achieving high RTE, ultra-
low overpotentials, and long-term stable operation. The reaction thermodynamics of
single-intermediate HPOR/2e-ORR unrestricted by any scaling relationships supports
the intrinsic supremacy of UR-HPCC in energy efficiency and reversibility over
conventional PEM URFCs. These results indicate that UR-HPCC is highly promising
for low-cost grid-scale energy-storage technologies applications. Further improvements
in system energy efficiency, catalyst durability and device performance are subject to

future research in this emerging field.

Method

Materials. Cobalt (1) chloride (CoClz, 99.7%, anhydrous, Shanghai Aladdin
Biochemical Technology, Co.), aniline (98%, Sigma Aldrich), hydrogen peroxide
(H202, 30 wt%, Alfa Aesar), hydrochloric acid (HCI, 36-38 wt%, analytical reagent
grade, SCR, China), nitric acid (HNO3z, 65-68 wt%, analytical reagent grade, SCR,
China), ammonium persulfate (APS, 98%, Sigma Aldrich), isopropanol (IPA, >99.7%,
analytical reagent grade, Kermel, China), sulfuric acid (H2SO4, 95-98 wt%, analytical
reagent grade, SCR, China), deionized water (DI water, Milli-Q, 18.2 MQ cm at 25 °C),
ultrapure nitrogen (N2, 99.999%), ultrapure oxygen (O2, 99.999%), carbon black
(BlackPearl 2000, Cabot Co.), and a Nafion D521 dispersion (5 wt%, EW = 1100,

Chemours) were used as received.

Synthesis of Co-N-C catalyst. Aniline (1.024 g, 11 mmol) was first added into 200 mL
of 1 N HCl solution under continuous stirring to form a solution of monomers. A second
solution was prepared by adding 1.246 g of 30wt% H>O: solution (11 mmol) and 7.141
g of CoClz (55 mmol) into 200 mL of 1 N HCI. The second solution was then added to
the aniline solution to initialize the polymerization of aniline and kept at room
temperature with constant magnetic stirring at 60 rpm for 4 hours. A dispersion of

carbon black was prepared by sonicating 0.200 g of oxidized carbon black (OCB,
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pretreated in 70% nitric acid at 80°C for 8 hours, rinsed with DI-water and vacuum
dried at 80°C) to a mixture of 100 ml of DI-water and 10 ml of IPA. Then, the dispersion
of carbon black was added into the above polymer dispersion while stirring at 600 rpm.
After 24 hours, the polymer dispersion was heated to 80°C and concentrated into a dark
slurry by continuously stirring at 600 rpm. The obtained slurry was loaded into an
alumina combustion boat and heat-treated at 900°C for one hour in N> flow with a
ramping rate of 30 °C/min. The obtained material was ground into a fine powder, treated
with a 12 N HCI solution for 24 hours to remove Co-rich phases, rinsed with DI-water,
dried in vacuum, and then heat-treated at 900°C for three hours in N, flow with a
ramping rate of 30 °C/min to obtain the Co-N-C catalyst.

The N-C material was synthesized using the same procedure as that for Co-N-C,

but without any CoCly, and the H>O» solution was replaced with APS.

Physical characterization. The Co—N-C catalyst was characterized using a high-
resolution transmission electron microscope (TEM, JEM-2100F, JEOL, Japan)
equipped with an energy dispersive spectrometer (EDS), and an aberration-corrected
high-angle annular dark-field scanning transmission electron microscope (HAADF-
STEM, Titan Cubed Themis G2 300, FEI, USA) operated at an accelerating voltage of
300 kV. Powder X-ray diffraction (XRD, D8 ADVANCE A25, Bruker Co., USA)
patterns were recorded using a Bruker D8-Advance-A25 diffractometer with Cu Ka
radiation over a 26 range from 5<to 90< X-ray photoelectron spectroscopy (XPS, Axis
Ultra DLD, Kratos Analytical Ltd, UK) was performed using a monochromatic Al Ka

source at 150 W without charge compensation.

Electrochemical Measurements. Electrochemical measurements of the 2e-ORR
activity were conducted in a five-necked electrochemical cell filled with a 0.5 M H2SO4
electrolyte using a bipotentiostat (CHI 760E, CH Instruments, Inc.). A rotating-ring
disk electrode (RRDE, Pine Research Instrumentation) with a glassy carbon electrode

(GCE, @ = 5.50 mm, area = 0.2375 cm?) and a Pt ring was used as the working
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electrodes, a graphite rod was used as the counter electrode, and a reversible hydrogen
electrode (RHE) was used as the reference electrode.

The catalyst ink was prepared by dispersing 5 mg of catalyst in a mixture of DI water
(500 pL), IPA (500 pL), and D521 Nafion dispersion (12 pL, 5 wt%) in a sonication
bath for one hour. Electrodes with a catalyst loading of 0.1 mg/cm? were prepared by
depositing 4.7 uL of the ink onto the GCE. Cyclic voltammograms (CV) were recorded
from 0 to 1.0 V vs. RHE at a scan rate of 50 mV/s in No-saturated 0.5 M H2SO4 solution.
The 2e-ORR performance was measured in Oz-saturated 0.5 M H2SO4 under steady-
state conditions by polarizing the working electrode from 1.0 to 0 V vs. RHE using 20
mV potential steps and a hold time of 20 s at each step. The rotation rate was 900 rpm.
The ring current was measured at a ring potential of 1.3 V vs. RHE. The current
collection efficiency of the ring electrode (N) is 38%. The H20- yield (Yn202) was
calculated using the following equation:

(&)

(B

YH202 = 200%

where Iq and I are the disk current and the ring current, respectively.

The electrochemical measurements of HPOR activity were conducted in a H-type
electrolysis cell. A proton exchange membrane (Nafion® NR211) was used to separate
the two compartments of the H-cell. A glassy carbon rotating disk electrode (RDE) (&
= 5.00 mm, area = 0.1963 cm?) and a Ag/AgCl (KCI, 3 M) reference electrode were
placed in one cell compartment filled with 0.5 M H2SO4 and 0.5 M H.O>. A graphite
rod counter electrode was positioned in the other compartment filled with 0.5 M H2SOg.
The Ag/AgCl electrode was calibrated to a RHE. Electrodes with a catalyst loading of
0.1 mg/cm? were prepared by depositing 3.9 pL of the ink onto the RDE. The HPOR
performance was measured by CV from 0 to 1.0 V vs. RHE at a scan rate of 50 mV/s

and rotation rate of 900 rpm.
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Fabrication of MEA and UR-HPRC. The catalyst inks for the bifunctional oxygen
electrode were prepared by homogeneously dispersing 10 mg of Co-N-C catalyst in a
mixture of DI-water (1.0 mL), IPA (1.3 mL), and D521 Nafion dispersion (215 |, 5
wt%), and then sonicating for 2 hours. The inks were sprayed onto porous transport
layers made of hydrophilic carbon cloth (4 cm?, ca. 0.33 mm in thickness) at 80 T to
form the oxygen electrodes. The catalyst loading was ca. 1.7 mg/cm?2. Commercial gas
diffusion electrodes with catalyst loading (Fuel Cell Store, 0.2 mgPt/cm?, 20 wt% Pt/C
on Sigracet 22 BB carbon paper) were used as the hydrogen electrode and hot-pressed
to Nafion NR211 membranes at 120 <C and 5.3 MPa for 5 min to form half-MEAs. The
oxygen electrode and the half-MEA were assembled into a full UR-HPCC hardware
with 4-cm? single-channel (1.27 mm wide and 0.8 mm deep) serpentine flow field
graphite plate and sealed with two fluororubber gaskets (200 and 100 pm in thickness)

as shown in Figure S2.

Cell test in HPEL Mode. The UR-HPCC performance in HPEL mode was evaluated
at room temperature and ambient pressure. The experimental set-up is shown in Figure
S3a. First, N>-saturated 0.5 M H>SO4 was pumped into the oxygen electrode and
circulated between the oxygen electrode and the Boro 3.3 glass bottle at a flow rate of
200 mL/min. The hydrogen electrode was filled with pure H> gas to form a reversible
hydrogen electrode (RHE). The initial cyclic voltammogram of the oxygen electrode
with Co-N-C catalyst was recorded by polarizing the electrode from 0 to 1.0 V at a scan
rate of 50 mV/s using a CHI 760E bipotentialstat.

After recording the initial CV, Oz-saturated solution containing 0.5 M H2SO4 and
0.5 M H>0O, was pumped into the oxygen electrode and circulated at a flow rate of 200
mL/min. Corrosion-resistant Masterflex® Viton tubing was used for the liquid delivery
line. A bias voltage was applied between hydrogen and oxygen electrode in a two-
electrode configuration using a high-current electrochemical workstation (EnergyLab
XM, Solartron Analytical, AMETEK Inc.) equipped with a current booster. Linear

sweep AC voltammetry was recorded by increasing the voltage from open cell voltage
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(OCV)to 1V at a scan rate of 5 mV/s, while a 10 kHz AC wave with 5 mV amplitude
was applied to measure the real-time high frequency resistance (HFR). The iR-corrected
cell voltage (Eir-free) Was obtained using the following equation:

Eir—free = EnpeL — Eohm = Enper —J * HFR Eq.2
where Enper 1s the measured cell voltage, Eonm is the ohmic loss, j is the current density,
and HFR is the high frequency resistance.

The voltage efficiency of the cell in HPEL mode (VEupeL) was calculated

according to the following equations:

Erev—HPOR

VEHPEL = X 100% Eq 3

HPEL
where the Erev-npor is the thermodynamic potential of Ho/H/Nafion/O2/H202 (Erev =

0.704 V, T=298.15 K), which was calculated using the Nernst equation:

RT 1
Erev-npor = E® + —ln( ) Eq.4
nF Ch,o,

where E¥ is the reversible cell potential at the standard conditions with 1 M H2Oa, R is
the ideal gas constant, 7 is the room temperature, n is the number of electrons
transferred (n = 2), F is the Faraday constant, and Ch202 = 0.5 M is the concentration of
H>0o.

To evaluate the efficiency of hydrogen generation, the generated hydrogen gas at
constant iR-corrected cell voltages of 0.85, 0.90, 0.95, and 1.00 V was directed to the
bubble flow meter (Figure S3a). The Faraday efficiency of hydrogen generation (FEmn2)
was calculated based on the following equation:

2(P — Py,0)Vu,F
RTQtotal

FEy, = X 100% Eq.5

where P is the atmospheric pressure in Taiyuan (92 kPa), Pu2o is the saturation vapor
pressure of water (kPa) at room temperature, Vi is the volume of fully humidified H»
produced (L), F is the Faraday constant (96485 C/mol), R is the ideal gas constant
(8.314 J/(mol-K)), T is the measured room temperature, and Qiotal 1S the amount of

charge passed (C).
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The stability of the UR-HPCC in HPEL mode was evaluated using the
galvanostatic method at a fixed current density of 50 mA/cm?. The flow rate of the
anolyte solution was 50 mL/min. The electrolyte containing 0.5 M H>SO4 and 0.5 M

H>0: was replenished every four hours to maintain the concentration.

Cell test in FC mode. The cell was tested on a Scribner 850e fuel cell test station at a
cell temperature of 25 °C under H2/O; flow at 200 sccm and 100% relative humidity
(RH) and ambient pressure. The experimental set-up is shown in Figure S3b. The
steady-state fuel cell polarization curves were recorded by polarizing the cell from OCV
to 0 V, using 0.02 V steps and 20 s hold time at each voltage. The iR-corrected cell
voltage (Eir-frec) Was obtained using the following equation:

Eir—free = Erc + Eohm = Epc +Jj * HFR Eq.6
where Erc is the measured cell voltage in FC mode, Eonm is the ohmic loss, j is the
current density, and HFR is the high frequency resistance.

The voltage efficiency of the cell operating in FC mode (VErc) were calculated

according to the following equations:

Erov_
VEgc = %:"RR x 100% Eq.7

where the Erev2c0rr 18 the thermodynamic potential of two electrode oxygen reduction
reaction (2e-ORR: Erev-2c0rr = 0.695 V, T'=298.15 K) assuming the local concentration
of HxO21s 1 M.

DI-water was pumped into the oxygen electrode at a rate of 10 mL/min in addition
to the oxygen gas flow to wash out the generated H>O> (Figure S3b). The amount of
H>0> collected was determined using a standard potassium permanganate titration
process, according to the following reaction:

2MnO,~ + 5H,0, + 6H* - 2Mn?* + 8H,0 + 50,
where 0.5 M H2SO4 was used as the H" source. When decolorization occurs, the molar

mass of collected H>O2 (nH202) is:

5CkMno, YkMno
nHzoz = 5 2 Eq 8
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where Ckmnos (1 M) and Vkmnos are the molarity and volume of KMnOj4 solution used
for the titration process, respectively.
The Faradaic efficiency for H>O» synthesis (FEn202) can be calculated using following

equation:

2FTlH202

FEHZOZ = X 100% qu

where F is the Faraday constant, Q is the total charge when collecting nu202 of H2Oo.
The stability of the UR-HPCC in FC mode was evaluated using the galvanostatic
method at a fixed current density of 50 mA/cm?. It should be noted that since the
hydrophilic carbon cloth was used for the oxygen electrode gas diffusion layer (GDL),
flooding is easy to occur. During the stability test, the oxygen electrode was purged

with dry nitrogen at 200 sccm for 30 min every 2 hours.

UR-HPCC cyclability test. The UR-HPCCs were periodically cycled between HPEL
mode and FC mode every one hour to evaluate its reversibility. LSV curves at HPEL
mode and steady-state polarization curves at FC mode were recorded at the conditions
specified above. The cell stability was evaluated using the galvanostatic method at a
fixed current density of 50 mA/cm?. When switching from HPEL mode to FC mode,
the oxygen electrode was rinsed with DI-water, followed by purging both electrodes
with dry N2 at 200 scem for 30 min. When switching from FC mode to HPEL mode,
the H2/O2 supply was stopped first and the electrolyte containing 0.5 M H2SO4 and 0.5

M H:0O> was supplied on the oxygen electrode at a flow rate of 200 mL/min.
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