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efficient power-to-hydrogen conversion†

Jie Yang,a,b Ruimin Ding,*a Chang Liu, a,c Lifang Chen,a Qi Wang,a,b Shanshan Liu,a

Qinchao Xua and Xi Yin *a

A hydrogen peroxide electrolyzer (HPEL) is the workhorse for an energy storage system based on the

H2O2 electrochemical cycle. The high H2O2 utilization towards power-to-hydrogen conversion in the

HPEL is essential to ensure the efficiency and cyclability of the system. Unfortunately, the H2O2 dispropor-

tionation at the anode and its crossover to the cathode in a proton exchange membrane (PEM) HPEL is

detrimental to H2O2 utilization and must be mitigated. This work investigates the effects of the catalyst

type, anode catalyst loading, and PEM thickness on H2O2 utilization in a PEM HPEL. The results show that

the Co–N–C catalyst exhibits higher H2O2 utilization than the Fe–N–C and Pt/C catalysts due to its

higher selectivity towards the hydrogen peroxide oxidation reaction (HPOR) and the lesser H2O2 dispro-

portionation reaction (HPDR). Increasing the Co–N–C catalyst loading and PEM thickness can effectively

inhibit the H2O2 crossover and improve the H2O2 utilization. On the other hand, the portion of the HPDR

and the ohmic loss increase with the catalyst loading and PEM thickness, respectively. A maximum H2O2

utilization of over 98% can be achieved by balancing these factors. These results provide valuable guides

to the catalyst design and device optimization for efficient energy storage systems based on the electro-

chemical H2O2–H2 cycle.

1. Introduction

The percentage of electricity generated by intermittent renew-
able sources (e.g., wind and solar power) is increasing rapidly.
Large-scale, efficient, economical, and zero-emission energy
storage systems are needed to integrate renewable-sourced
electricity with the traditional power grid and store the electri-
city in the short or long term.1,2 Electrochemical energy
storage systems based on the H2–water cycle,3–10 the
ammonia–N2 cycle,11–14 the H2O2–water cycle,15–17 metal-ion
batteries,18,19 and redox-flow batteries20–22 have been proposed
for large-scale energy storage and grid balancing.

Recently, we proposed the concept of distributed generation
and energy storage systems based on the highly efficient
electrochemical cycle of hydrogen peroxide (H2O2).

23–25 In this
system, H2O2 can be electrolyzed to H2 and O2 to store energy
in the short term and then be regenerated via the two-electron
oxygen reduction reaction (2e-ORR) in a fuel cell to generate
power. Our proof-of-concept studies have demonstrated a
highly efficient and stable PEM H2O2 electrolyzer (HPEL) for
power-to-hydrogen conversion with a H2 production Faraday
efficiency of 96% and a unitized regenerative hydrogen per-
oxide cycle cell (UR-HPCC) with a round-trip efficiency (RTE)
of above 90% for renewable energy storage.23–25 Their unpre-
cedented low system cost and high energy efficiency make the
H2O2 electrochemical cycle systems highly promising for
short- and long-term energy/hydrogen storage, along with
other systems (Table S1†). In addition, it is possible to realize
long-term energy/hydrogen storage using H2O2 as a H2 carrier
and release the hydrogen using a HPEL for various
applications.23–25

Achieving a high H2O2 utilization towards power-to-hydro-
gen conversion in the HPEL is essential to ensure the
efficiency and cyclability of the H2O2–H2 energy storage
system. In an ideal PEM HPEL, the H2O2 oxidation reaction
(HPOR, H2O2 → 2H+ + 2e− + O2; E

0 = 0.695 V vs. RHE) takes
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place and produces protons in the anode and the coupled
hydrogen evolution reaction (HER, 2H+ + 2e− → H2; E

0 = 0 V vs.
RHE) occurs in the cathode, converting power to H2 gas at vol-
tages of 0.7 V and above. In a practical PEM HPEL, as shown
in Scheme 1, H2O2 in the anode can cross over to the cathode
through the PEM and be reduced via the hydrogen peroxide
reduction reaction (HPRR, H2O2 + 2H+ + 2e− → 2H2O; E

0 = 1.78
V vs. RHE) at the cathode. This HPRR competes with the HER,
decreasing the H2O2 utilization towards the power-to-H2 con-
version (EH2O2-HPOR) and the faradaic efficiency. In addition,
the undesired H2O2 disproportionation reaction (HPDR,
2H2O2 → 2H2O + O2) may occur at the anode, decreasing the
H2O2 utilization for H2 production (Scheme 1).24,25 Therefore,
it is critical to identify the key factors that affect these pro-
cesses, mitigate the H2O2 crossover, inhibit the competing
HPDR, and maximize the H2O2 utilization.

Herein, we focus on the effects of anode catalyst types,
anode catalyst loading, and PEM thickness on the H2O2 utiliz-
ation and device performance of the HPEL. By benchmarking
the performance of representative platinum group metal-free
(PGM-free) catalysts and Pt/C in the electrochemical cell and
PEM HPEL, we identify the cobalt- and nitrogen-doped carbon
(Co–N–C) catalyst as a better candidate than the Fe–N–C and
Pt/C catalysts for its higher selectivity towards the HPOR and
lesser HPDR activity. Using Co–N–C, we reveal that increasing
the anode catalyst loading and PEM thickness appropriately
can effectively inhibit the crossover and thus improve the H2O2

utilization. On the other hand, the HPDR intensifies as the
anode catalyst loading increases and the internal resistance
increases with the PEM thickness. Optimizing the above vital

factors allows us to achieve a maximum H2O2 utilization of
98% in the PEM HPEL for power-to-hydrogen conversion. Our
results elucidate the interdependences of the competing
HPOR, HPDR, H2O2 crossover, and H2O2 utilization in the
PEM HPEL, providing guides for catalyst design and device
optimization of efficient energy storage systems based on
electrochemical H2O2–H2 cycles.

2. Experimental
2.1 Membrane electrode assembly (MEA) fabrication

Anode catalyst inks were prepared by dispersing 50 mg of the
Co–N–C or Fe–N–C catalyst in a mixture of de-ionized water
(DI-water, 30.0 mL), isopropanol (IPA, 30.0 mL), and D521
Nafion dispersion (1070 μL, 5 wt%) in an ultrasonic bath for
2 h or by dispersing 16 mg of Pt/C (Hispec 3000, Johnson
Matthey Co.) catalyst in a mixture of DI-water (12.0 mL), IPA
(3.0 mL), and D521 Nafion dispersion (165 μL, 5 wt%) in an
ultrasonic bath for 30 min. Then, the inks were sprayed onto
pieces of 4-cm2 hydrophilic carbon cloth (ca. 0.33 mm in thick-
ness) at 80 °C to form anode electrodes. Anodes with different
catalyst loadings were obtained by controlling the volume of
ink sprayed. The catalyst loadings were further confirmed by
analyzing the electrochemical surface area (ECSA) of the anode
catalysts. Commercial Pt/C gas diffusion electrodes (GDEs)
(0.2 mgPt cm

−2, 20 wt% Pt–C on Sigracet 22BB carbon paper,
Fuel Cell Store, USA) were used as cathodes. The Pt/C cathode
was hot-pressed to Nafion membranes with different thick-
nesses (NR211, NR212, NR115, and NR117, Chemours) at

Scheme 1 (a) In a PEM HPEL, H2 generation at the cathode stems exclusively from the HER. O2 is generated at the anode via the following three
processes: HPOR coupled with the HER, HPOR coupled with the HPRRcross, and HPDR at the anode. (b) Schematic representation of the response
mechanisms of the HPOR, HPDR,26,27 and HPRR.
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120 °C and 5.3 MPa for 5 minutes to form the half-MEAs.
Then, the anodes and the half-MEAs were assembled in the
HPEL hardware to form the full MEAs. A detailed description
of the HPEL hardware and the system setup can be found in
our previous publications.24,25

2.2 PEM HPEL test and H2O2 utilization analysis

The PEM HPEL performance was evaluated at 25 °C and
ambient pressure using an established protocol.24,25 During
the activation process, the Pt/C cathode was filled with pure H2

gas to form a quasi-reversible hydrogen electrode (RHE). N2-
saturated 0.5 M H2SO4 was pumped into the anode and circu-
lated between the anode and a Boro 3.3 glass bottle at a flow
rate of 200 mL min−1. The initial cyclic voltammetry (CV) was
recorded by polarizing the Co–N–C or Fe–N–C anode from 0 to
1.0 V vs. RHE or the Pt/C anode from 0.05 to 1.2 V vs. RHE at a
scan rate of 50 mV s−1 using a CHI 760E bipotentiostat. The
double-layer capacitance for the PGM-free catalyst was calcu-
lated by integrating the charging current over a potential range
of one-volt wide. A capacitance of 30 μF cm−2 was used to
calculate the electrochemical surface area (ECSA), which is
used to estimate the loading of the Co–N–C and Fe–N–C
catalysts.28,29 The loadings of the Pt/C anode catalyst were
determined using a Thermo Scientific ARL QUANT’X energy
dispersive X-ray fluorescence (EDXRF) spectrometer.

During the PEM HPEL operation, a mixture of 0.5 M H2SO4

and 0.5 M H2O2 was pumped into the anode and circulated
between the anode and a glass flask at 200 mL min−1. Linear
sweep AC voltammetry was performed by increasing the
voltage from the OCV to 1.0 V at a scan rate of 5 mV s−1, while
a 10 kHz AC wave with 5 mV amplitude was applied to
measure the real-time high-frequency resistance (HFR).
Electrochemical impedance spectroscopy (EIS) was performed
to examine the resistance of MEAs at a constant open cell
voltage (OCV) with an amplitude of 10 mV. The frequency
ranged from 1 Hz to 100 kHz. The iR-corrected cell voltage
(EiR-free) was obtained using the following equation:

EiR-free ¼ Ecell � Eohm ¼ Ecell � j �HFR ð1Þ
where Ecell is the measured voltage, Eohm is the ohmic loss,
and j is the current density.

The voltage efficiency (VE) was calculated using the follow-
ing equations:

VE ¼ Erev
Ecell

� 100% ð2Þ

where Erev is the reversible cell potential of H2/H
+/Nafion/O2/

H2O2 (Erev = 0.704 V, T = 298.15 K).
The H2 production rate (YH2

) was calculated according to
the following equation:

YH2 ¼ ðP�PH2OÞVH2
RTtA

ð3Þ

where P is the atmospheric pressure in Taiyuan (92 kPa), PH2O

is the saturated vapor pressure of water (kPa) at room tempera-
ture, VH2

is the volume of fully humidified H2 produced, R is
the ideal gas constant (8.314 J (mol K)−1), T is the measured

room temperature, t is the collection time, and A is the geo-
metric area of the electrode (cm2).

The efficiencies of H2O2 (EH2O2
) consumed for the HPOR

(EH2O2-HPOR), crossover (EH2O2-HPRRcross), and disproportionation
(EH2O2-HPDR) were calculated using the following equation:24,25

EH2O2‐HPOR ¼ VH2
2VO2�VH2

� 100% ð4Þ

EH2O2‐HPRRcross ¼ 2VH2 FEHPRR

FEH2 ð2VO2�VH2 Þ � 100% ð5Þ

EH2O2�HPDR ¼
2 VO2�

VH2
FEH2

� �

2VO2�VH2
� 100% ð6Þ

where VO2
is the volume of fully humidified O2 produced, FEH2

and FEHPRR are the faradaic efficiencies for the HER and the
crossover H2O2 reduction reaction (FEHPRR = 100% − FEH2

),
respectively.

3. Results and discussion
3.1 Effects of catalyst selection on the HPEL performance
and H2O2 utilization

We first benchmarked the performance and H2O2 utilization
of HPELs constructed using Co–N–C, Fe–N–C, and Pt/C anode
catalysts under the same operating conditions (see the ESI for
details, Fig. S1 and S2†). These catalysts have been used in the
prototypes of PEM HPEL and UR-HPCC devices but lack a sys-
tematic comparison.24,25 Fig. 1a shows the polarization curves
of PEM HPELs with Co–N–C, Fe–N–C, and Pt/C anode catalysts
at loadings of 1.0 mg cm−2, 1.0 mg cm−2 and 0.06 mgPt cm

−2,
respectively. The Co–N–C catalyst shows a lower open cell
voltage (OCV) of ca. 0.71 V than those of Fe–N–C (0.81 V) and
Pt/C (0.80 V) catalysts, closer to the theoretical reversible cell
voltage (Erev = 0.704 V). The corresponding 8 mV onset overpo-
tential (ηonset) yields a 98% maximum voltage efficiency (VE),
which is higher than those of Fe–N–C (86.4%) and Pt/C cata-
lysts (87.5%). The result is consistent with that in the RDE
system (see the ESI for details, Fig. S3†). When the cell voltage
(Ecell) increased from the OCV to 1.1 V, the HPOR current
density ( j ) increased monotonically to ca. 380, 397, and
624 mA cm−2 for the Co–N–C, Fe–N–C, and Pt/C catalysts,
respectively. Although the current density of the Pt/C catalyst
surpasses that of the Co–N–C catalyst above 0.85 V, the Co–N–
C catalyst shows higher HPOR activity than the Fe–N–C and Pt/
C catalysts in the low voltage range (0.7–0.8 V). Since the
HPOR is a two-electron process and the adsorbed hydroperoxyl
(HOO*) is the sole intermediate, the binding free energy of
HOO* (ΔGHOO*) can be used as the thermodynamic activity
descriptor for HPOR catalysts.24,25 According to the Sabatier
principle, the ΔGHOO* value for an ideal HPOR catalyst should
be 4.225 eV at U = 0 V. The results of the density functional
theory (DFT) calculations show that the ΔGHOO* values at the
Co–Nx active sites in the Co–N–C catalyst, including Co–
N4-pyrrolic (4.16 eV), Co–N2+2-pyridinic (3.66 eV), and Co–N4-pyridinic

(3.50 eV), are closer to the ideal value than those of the

Green Chemistry Paper

This journal is © The Royal Society of Chemistry 2024 Green Chem., 2024, 26, 7769–7778 | 7771

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 3
:4

8:
51

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3gc03200k


Fe–N4-pyridinic active site (3.29 eV), Fe–N2+2-pyridinic (3.13 eV),
and Fe–N4-pyrrolic (3.72 eV) in the Fe–N–C catalyst and the Pt/C
catalyst (including Pt (111) (3.77 eV) and Pt (100) (3.28 eV)).
And the corresponding free energy diagram of HPOR on these
sites at U = 0.695 V are shown in Fig. 1b (see the ESI for
additional details of DFT calculations and results, Fig. S4–S6
and Table S2†). This more ideal ΔGHOO* at Co–Nx sites is likely
the origin of the higher HPOR activity and lower ηonset of the
Co–N–C catalyst.30–32 Fig. S7a† compares the stability of PEM
HPELs with the Fe–N–C, Co–N–C, and Pt–C as anodic catalysts
reported elsewhere.24,25 In the 20 h stability tests, the voltage
at 50 mA cm−2 changed from 0.852 to 0.840 V, 0.875 to 0.98 V,
and 0.86 V to 0.94 V for the Pt–C, Fe–N–C and Co–N–C cata-
lysts, respectively.24,25 These results suggest that Pt/C has the
highest stability among these catalysts, and the stability of the
Co–N–C catalyst is higher than that of the Fe–N–C catalyst. The
results from the XPS analysis of Fe–N–C and Co–N–C anodes
after the durability test show a decrease of the M–N percentage
in the total amount of N (Fig. S7b–e†).24 These results suggest
the loss of Fe–Nx or Co–Nx sites. Overall, the Co–N–C catalyst
has higher HPOR performance and durability than the Fe–N–C
catalyst, and therefore is more suitable for PEM HPEL systems.

Furthermore, we analyzed the effect of catalyst type on
H2O2 utilization. Fig. 1c shows the efficiencies of H2O2 (EH2O2

)

consumed for H2 production (EH2O2-HPOR), disproportionation
(EH2O2-HPDR), and crossover (EH2O2-HPRRcross) using the Co–N–C,
Fe–N–C, and Pt–C anode catalysts, respectively. Among these
catalysts, the Co–N–C catalyst shows the highest EH2O2-HPOR

and lowest EH2O2-HPDR at all iR-corrected cell voltages (EiR-free)
from 0.85 to 1.00 V. For all three catalysts, the EH2O2-HPOR

increases with the EiR-free, while the EH2O2-HPDR and the
EH2O2-HPRRcross decrease. These three variables are interdepen-
dent, and their sum is accountable for the total H2O2 con-
sumption in the HPEL, hence

EH2O2-HPOR þ EH2O2-HPDR þ EH2O2-HPRRcross ¼ 100% ð7Þ

Their interdependency suggests that by employing an
anode catalyst with high activity and selectivity towards the
HPOR, the loss of H2O2 to the HPDR and crossover can be
reduced significantly. Thus, selecting catalysts with high
HPOR activity is the key to enhancing H2O2 utilization.

More specifically, the Co–N–C catalyst’s higher HPOR
activity and lower HPDR activity resulted in higher EH2O2-HPOR

values (consistently above 75%) and lower EH2O2-HPDR value
(below 3%) throughout the applied voltage range. However,
the excess H2O2 cannot be completely consumed at the anode,
especially at a low cell voltage, so the H2O2 crossover can still

Fig. 1 (a) Polarization curves of PEM HPELs with Co–N–C, Fe–N–C and Pt/C catalysts. (b) Reaction free energy diagram of the HPOR at Co–N2+2,
Co–N4-pyridinic, and Co–N4-pyrrolic sites in the Co–N–C catalyst, Fe–N2+2, Fe–N4-pyridinic, and Fe–N4-pyrrolic sites in the Fe–N–C catalyst, and Pt(111),
Pt(100) planes in the Pt/C catalyst. (c) The efficiency of H2O2 consumed for the HPOR (EH2O2-HPOR), disproportionation (EH2O2-HPDR), and crossover
(EH2O2-HPRRcross) at different EiR-free values using the Co–N–C, Fe–N–C and Pt/C catalysts.
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occur. The corresponding EH2O2-HPRRcross is consistently above
5%, reaching about 18.3% at an EiR-free of 0.85 V for the Co–N–
C catalyst. For the Pt/C and Fe–N–C anode catalysts, the higher
EH2O2-HPDR is attributed to their high HPDR activity. The
intense HPDR and HPOR within the Pt/C and Fe–N–C anode
catalyst layers consume most H2O2 and reduce the concen-
tration of H2O2 at the interface between the membrane and the
catalyst layer, resulting in a low H2O2 crossover (EH2O2-HPRRcross).

These results show that different catalysts exhibit different
behaviors for three competing reactions (HPOR, HPDR, and
HPRRcross), directly affecting the HPEL performance and H2O2

utilization. For the Pt/C catalyst, the higher active site density
leads to better HPOR activity under high potential operating
conditions. However, the high HPDR activity of the Pt/C cata-
lyst significantly reduces the H2O2 utilization. Compared to
the Pt/C and Fe–N–C catalysts, the Co–N–C catalyst exhibited
higher HPOR activity and weaker HPDR activities, which
resulted in higher H2O2 utilization. High activity and selecti-
vity towards the HPOR and low HPDR activities are essential
for anode catalyst selection in PEM HPEL systems.

3.2 Effects of anode catalyst loading on HPEL performance
and H2O2 utilization

We studied the effects of catalyst loading on the HPEL per-
formance and H2O2 utilization using an anode with different
loadings of the Co–N–C catalyst. Fig. 2 shows the cross-sec-
tional scanning electron microscopy (SEM) images of the Co–
N–C anode catalyst layer (ACL). As the catalyst loading
increases from ca. 1.0 to 4.5 mg cm−2, the thickness of the ACL
increases from ca. 6.5 ± 0.5 to 62.5 ± 10.5 μm (Fig. 2f). In the
meantime, the coverage of the ACL on the carbon cloth
increases with catalyst loading and forms a more continuous
ACL, as shown in the top-view SEM micrographs (Fig. S8†).

The texture of the carbon cloth, which is still visible at low
catalyst loading, gradually becomes buried by the ACL as the
loading increases. However, when the catalyst loading reached
ca. 3.6 mg cm−2, thin cracks started appearing in the ACL and
developed into wider cracks at ca. 4.5 mg cm−2 (Fig. S8†).

Fig. S9† shows the cyclic voltammograms (CV) of anodes
with different Co–N–C catalyst loadings. The double layer
capacitance and the ECSA increase as the catalyst loading
increases from 1.0 to 4.5 mg cm−2. Fig. 3a and Fig. S10a† show
the corresponding PEM HPEL polarization curves, which show
the close OCV of ca. 0.72–0.73 V. The HPOR current at low
voltage (e.g. 0.8 V) increased as the loading increased from 1.0
to 3.6 mg cm−2, and then decreased as the loading reached
4.5 mg cm−2 (Fig. S10b†). The HPOR current density ( j ) at
high voltage above 0.9 V decreased as the catalyst loading and
CL thickness increased (e.g. from ca. 342 to 263 mA cm−2 at
1.00 V). Correspondingly, the internal resistance-corrected cell
voltage (EiR-free) increased from 0.80 to 1.00 V and the H2 pro-
duction rate (YH2

) increased at each anode catalyst loading
(Fig. 3b). However, YH2

increased from 4.54 to 5.6 mmol (cm2

h)−1 at 1.0 V as the catalyst loading increased from 1.0 to
3.6 mg cm−2. However, YH2

decreased to 3.62 mmol (cm2 h)−1

at 1.0 ViR-free as the anode catalyst loading increased to 4.5 mg
cm−2. Fig. S11† shows the Nyquist plot of electrochemical
impedance spectra (EIS) of the HPELs with different anode
catalyst loadings measured at the OCV. The high-frequency re-
sistance (HFR, corresponding to the intercept on the x-axis)
increased slightly from 0.031 to 0.042 Ω when the anode cata-
lyst loading increased from 1.0 to 4.5 mg cm−2. We believe that
the slightly increased HFR values is the result of cracks in the
ACL that lead to an apparent increase of electrical contact
resistance.33,34 The anode polarization resistance (Rct,A) fluctu-
ates slightly from 0.8 ± 0.08 to 0.72 ± 0.05 Ohm as the catalyst

Fig. 2 Cross-sectional SEM micrographs of the Co–N–C ACL with loadings of (a) 1.0, (b) 1.7, (c) 2.8, (d) 3.6 and (e) 4.5 mg cm−2. False colors were
applied for clarity. Green: carbon cloth; orange: catalyst layer. (f ) Correlation between the catalyst layer thickness and the loading.
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loading increased, while the cathode polarization resistance
(Rct,C) maintained the same low values (ca. 0.01 ± 0.03 Ohm),
as shown in Fig. 3c. Clearly, the mass transfer resistance of the
anode, as characterized by Rct,A, is the main factor affecting
the cell performance compared to Rct,C and RΩ. We suggest
that at high voltages (> 0.9 V), oxygen generation in large
amounts leads to an increase in mass transfer resistance,
which is the main reason for the decrease in current density
with anode catalyst loading.33,35,36

Fig. 3d–f show the effects of Co–N–C catalyst loading and
EiR-free on the H2O2 utilization (EH2O2-HPOR) and the corres-

ponding loss of H2O2 (EH2O2-HPRRcross, EH2O2-HPDR) in the 2D
contour plots (see Fig. S12† for the original data). When the
catalyst loading increases from 1.0 to 3.6 mg cm−2, the ACL
thickness increased and inhibited the crossover of H2O2. As a
result, the EH2O2-HPRRcross decreased with the catalyst loading
when the loading was below 3.6 mg cm−2, as shown in Fig. 3d
and Fig. S12.† However, when the catalyst loading further
increased to 4.5 mg cm−2, wide cracks formed in the ACL and
assisted the crossover of H2O2 (Fig. S8†). On the other hand, as
the anode catalyst loading increased, the HPDR intensified
due to the decreased HPOR performance, and the EH2O2-HPDR

Fig. 3 Performance of PEM HPELs with Co–N–C catalyst loadings of 1.0, 1.7, 2.8, 3.6, and 4.5 mg cm−2. (a) Polarization curves, (b) YH2
, (c) variation

of R at the OCV with varying catalyst loadings. RΩ refers to the ohmic loss resistance; Rct,A and Rct,C refer to the anode and cathode faradaic resis-
tance, respectively. 2D contour plots of (d) EH2O2-HPRRcross, (e) EH2O2-HPDR, and (f ) EH2O2-HPOR as a function of the catalysts loading and the iR-free cell
voltage.
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increased from 3.1% to 6.7% at an EiR-free of 0.85 ViR-free

(Fig. 3e and Fig. S12†). Following the interdependent relation-
ship described in eqn (7), the EH2O2-HPOR increases with catalyst
loading and peaks at a loading of 3.6 mg cm−2 (ca. 92% at an
EiR-free of 1.0 V) (Fig. 3f).

We suggest that the increase of anode catalyst loading leads
to the increase of ACL thickness, which effectively inhibits the
H2O2 crossover. However, especially under high voltage operat-
ing conditions, the ACL thickness increase significantly
increases the mass transport resistance, leading to cell per-
formance degradation. An optimal catalyst loading that bal-
ances the interdependent HPOR, HPDR and HPRRcross in the
PEM HPEL system is required to maximize the H2O2

utilization.

3.3 Effects of PEM thickness on HPEL performance and
H2O2 utilization

Furthermore, we investigated the effects of PEM thickness on
the PEM HPEL performance and H2O2 utilization using Nafion
membranes with different thicknesses, including Nafion NR
211 (25.4 μm), NR 212 (50.8 μm), NR 115 (127.0 μm), and NR
117 (183.0 μm) (Fig. 4 and Fig. S13†). With the same anode
Co–N–C catalyst loading of ca. 1.7 mg cm−2, these HPELs show
consistent anode CV curves (Fig. S14†). While the performance
of HPELs decreases with the PEM thickness (Fig. S15†), their
iR-free polarization curves are almost identical (Fig. 4a). When
the EiR-free increased from the OCV to 1.0 V, the j of all HPELs
increased monotonically to ca. 360 mA cm−2. Correspondingly,

Fig. 4 Performance of PEM HPELs using Nafion membranes with different thicknesses. (a) Polarization curves, (b) YH2
, and (c) RΩ at the OCV of PEM

HPELs with different PEM thicknesses. 2D contour plots of (d) EH2O2-HPRRcross, (e) EH2O2-HPDR, and (f ) EH2O2-HPOR as a function of the PEM thicknesses
and the iR-free cell voltage.
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the H2 production rate (YH2
) monotonically increases with the

EiR-free and PEM thickness (Fig. 4b). In particular, YH2
increases

from 2.6 to 7.4 mmol (cm2 h)−1 as the EiR-free increases from
0.8 to 1.0 V at a PEM thickness of 183 μm. The HFR obtained
from the x-intercept of the EIS Nyquist plots increased from
0.038 to 0.12 Ω as the PEM thickness increased from 25.4 to
183.0 μm following the ohmic law (Fig. 4c, and S15†). The Rct,A
and Rct,C maintained the same level as the PEM thickness
increased (Fig. S16†). These results suggest that the PEM thick-
ness does not significantly affect the anode polarization behav-
ior within this range but mainly contributes to the ohmic loss
of the system.

Fig. 4d–f show the dependence of H2O2 utilization on the
PEM thicknesses and EiR-free. When the PEM thickness
increases from 25.4 to 183.0 μm, the EH2O2-HPRRcross decreases
due to the increased through-plane mass transport resistance
for H2O2 crossover within the Nafion membrane (Fig. 4d). The
EH2O2-HPDR decreases with the increase of EiR-free due to the
accelerated HPOR rate. On the other hand, the EH2O2-HPDR

increases with the PEM thickness, which could be attributed
to the increased local H2O2 concentration within the CL as the
H2O2 crossover is inhibited (Fig. 4e). The EH2O2-HPOR increased
with PEM thickness and reached over 90% within the test
voltage range (Fig. 4f), following the interdependent relation-
ship described in eqn (6). These results suggest that thicker
membranes can effectively inhibit the crossover of H2O2,
resulting in lower EH2O2-HPRRcross and higher EH2O2-HPOR, but at
the cost of ohmic loss. The tradeoff of EH2O2-HPOR and iR loss
via the optimization of the PEM thickness is needed to maxi-
mize the H2O2 utilization. Membrane materials with low per-
meability to H2O2 might also improve the H2O2 utilization in
PEM HPELs.

4. Conclusions and outlook

In summary, we investigated the effects of catalyst type, cata-
lyst loading, and PEM thickness on the performance and H2O2

utilization of a PEM HPEL. The results unveiled the interde-
pendency of three fundamental processes, the HPOR, HPDR,
and H2O2 crossover, which mutually determine the H2O2 util-
ization towards the power-to-hydrogen conversion in the
HPEL. Different anode catalysts provide various activities and
selectivity towards the HPOR and HPDR. The Co–N–C catalyst
is identified as the best anode catalyst for its high activity and
selectivity towards the HPOR and low degree of the HPDR. The
excellent HPOR activity of the Co–N–C catalyst is attributed to
the optimal ΔGHOO* values at the Co–N4 sites. In contrast, the
Fe–N–C and Pt/C catalysts show higher HPDR activity, lowering
H2O2 utilization. Increasing the anode catalyst loading and
PEM thickness can effectively inhibit the H2O2 crossover and
improve the H2O2 utilization but inevitably lead to higher
H2O2 loss due to the HPDR and ohmic loss. These findings
imply the need for developing highly selective HPOR catalysts
and low-H2O2-permeability membranes to boost the perform-
ance and H2O2 utilization of next-generation PEM HPELs for

renewable energy storage. In addition, the rational design and
fabrication of 2e-ORR electrocatalysts with high activity and
stability are still necessary to improve the efficiency of H2–

H2O2 cyclic energy storage.
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