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ABSTRACT: Hybrid redox flow cells (HRFC) are key enablers for
the development of reliable large-scale energy storage systems;
however, their high cost, limited cycle performance, and
incompatibilities associated with the commonly used carbon-
based electrodes undermine HRFC’s commercial viability. While
this is often linked to lack of suitable electrocatalytic materials
capable of coping with HRFC electrode processes, the combinatory
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use of nanocarbon additives and carbon paper electrodes holds new rxsyz‘
promise. Here, by coupling electrophoretically deposited nitrogen- Gv09)
yS&

doped graphene (N-G) with carbon electrodes, their surprisingly
beneficial effects on three types of HRFCs, namely, hydrogen/
vanadium (RHVFC), hydrogen/manganese (RHMnFC), and
polysulfide/air (S-Air), are revealed. RHVFCs offer efficiencies
over 70% at a current density of 150 mA cm™* and an energy density of 45 Wh L™" at 50 mA cm ™2, while RHMnFCs achieve a 30%
increase in energy efficiency (at 100 mA cm™). The S-Air cell records an exchange current density of 4.4 X 107> mA cm ™2, a 3-fold
improvement of kinetics compared to the bare carbon paper electrode. We also present cost of storage at system level compared to
the standard all-vanadium redox flow batteries. These figures-of-merit can incentivize the design, optimization, and adoption of high-
performance HRFCs for successful grid-scale or renewable energy storage market penetration.

—

KEYWORDS: hybrid redox flow cell, hydrogen, vanadium, nitrogen-doped carbon, grid-scale energy storage

1. INTRODUCTION

Developing large-scale electrochemical energy storage tech-
nologies without compromising energy efficiency, power
density, safety, and cost-effectiveness is one of the biggest
challenges in enabling the transition into renewable energies,
especially via grid-scale storage and back-up power storage for
intermittent energy sources.”” Redox flow batteries (REBs)
have been extensively investigated since the 1960s for large-

strategies have been undertaken, for example, adopting low-
cost electrolytes such as for polysulfide/bromine RFBs,
aqueous—organic systems,’ redox-mediated REBs,” and hydro-
gen/bromine (RHBrEC),® hydrogen/benzoquinone,” and
polysulfide/air (S-Air)® hybrids. The latter three are known
as gas/liquid hybrid redox flow cells (HRFC). Despite the
advantage of using abundant chemicals (e.g, sulfur, bromine,
air, and/or hydrogen), the tendency of bromine to form toxic

scale stationary energy storage because their engineering
flexibility can be better than alternatives such as pumped
hydro or compressed air systems.” RFBs promise a long cycle
life, decoupled power and energy characteristics, and round-
trip energy efficiencies as high as 85% (normally operating
below a current density of ~120 mA cm™), but their
commercial exploitation has been limited by high capital
costs due to the use of expensive vanadium-based electrolytes
(about ~43% of system cost for a 4 MWh all-vanadium RFB)*
and membranes. As most of electrode designs are not yet
optimized, they are not suitable for flow battery operation at
high current densities. For the cost reduction of RFBs several
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vapors as well as poisoning and/or corroding the HOR/HER
(hydrogen oxidation reaction/hydrogen evolution reaction)
catalyst materials still limits the widespread use of RHBrFCs."
Surprisingly, a vast majority of HRFC studies have focused on
improving peak power densities (see Table Sl in the
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Supporting Information exemplifying historical developments
in HRFCs since the 1960s), which is not a representative
indicator of the actual performance of both HRFCs and RFBs
because at high power conditions, electrolyte utilization is
normally poor.”'" For cost-effectiveness and maximizing the
benefits of RFBs and HRFCs, they need to be operated at
higher current densities, as this can effectively reduce the size
and number of cells per stack (thereby their costs). This
basically depends on how efliciently HRFC electrodes are
engineered in terms of their microstructural features and the
extent to which they can cope with their harsh operating
conditions.'> Practically, HRFC electrode performances are
dictated by electrode microstructure and surface chemistry
setting the actual operational parameters, which are in turn
influenced by the following properties: (i) wettability of
electrodes, (ii) pressure drop affecting mass transport, (iii)
electrochemical surface area (ECSA), (iv) charge transport,
and (v) electrical conductivity and mechanical stability under a
given cell compression.'”~"> Most commonly, carbon-based
materials are used as electrodes for RFBs, particularly in the
commercially exploited all-vanadium RFB (VRFB),'® where
carbon-based electrodes are subject to thermal or chemical
processes for activation as a means to improve the electro-
chemical performance of VRFB electrodes'” (as detailed in
Table S2). The key performance indicators evaluated for these
electrodes with respect to activation processes involve round-
trip efficiency and capacity utilization at increasing operational
current density. The use of carbon-based electrodes is
preferred for VRFBs because they are less prone to corrosion
even in highly acidic environments of 3—5 M sulfuric acid” and
are most cost-effective. Similarly, studies have reported that
performance improvements are due to higher ECSA and
wettability as a consequence of electrode surface modifications
by carbon nanostructures that have catalytic activities, which
include carbon nanotubes (CNTs), graphene (G), and
nitrogen-doped graphene (N-G)."® Such strategies have been
in part extended to HRFCs; for example, Tenny et al'’
reported the use of multiwall CNT-modified cloth in the
regenerative hydrogen/vanadium fuel cell (RHVFC), evidenc-
ing improvements on power density. Similarly, reduced
graphene oxide (rGO)-modified commercial carbon as electro-
des in the RHVFC were shown to yield a 10% improvement in
terms of energy efficiency and electrolyte utilization for up to
10 charge and discharge cycles."

On the other hand, replacing vanadium-based electrolytes
with more abundant manganese led to the introduction of a
low-cost RFEC (RHMnFC),”® which displayed higher peak
power densities as well as energy efficiencies when using
carbon felts in comparison to carbon paper (CP). Despite
good electrode stability (in 3 M sulfuric acid at a cell potential
of 1.5 V), carbon felts are thicker than carbon papers and
require higher pumping power to achieve similar flow velocity
as CP electrodes in RFBs, thus potentially offsetting their cost-
effectiveness.”’ Another potential low-cost and inherently safe-
to-operate HRFC (due to the use of nonvolatile materials
compared to RHBrFC) is the aqueous-based S-Air, proposed
by Brandon et al.”* which is still in its very early stage of
development.® Clearly, advanced HRFC application requires a
systematic understanding of how chemical, catalytic, defects,
and surface properties enabled by electrode modification that
had positively impacted REBs would translate into the levels of
electrode specificity required for HRECs’ electrochemistry and
how they cope with their harsh operating conditions.

Additionally, in contrast to the highly acidic medium of
RHVFC and RHMnFC, S-Air cells operate under highly
corrosive but alkaline conditions, requiring electrode surfaces
with good catalytic activity,” and S-Air chemistries greatly
suffer from the irreversibility of polysulfides. As such, there is
still a lack of understanding as to how HRFC reactions are
practically mediated by carbon-based electrodes that are
modified with controlled deposition of oxygen- or nitrogen-
rich additives. Therefore, here we propose a simple electrode
design involving modification of standard carbon paper
electrodes (CP) with electrophoretically deposited N-G and
demonstrate their suitability for three types of HRFCs such as
RHVFC, RHMnFC, and S-Air (as illustrated in Scheme 1) by

Scheme 1. A Binder-Free Horizontal Electrophoretic
Deposition (EPD) Process Is Used to Activate Commercial
Carbon Paper Electrodes Using Nitrogen-Doped
Graphene”
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“These modified electrodes are employed in three types of hybrid
redox flow cells (HRFC), namely hydrogen/vanadium (RHVEC),
hydrogen/manganese (RHMnFC), and polysulfide/air (S-Air). A
typical HRFC consists of an electrochemical cell, storage tank, and
hydrogen or oxygen gas cylinder. The anolyte and catholyte are
separated by a nafion proton-exchange membrane (in the S-Air cell,
the membrane used is similar to sodium ion exchange), respectively.

revealing the beneficial effects on vanadium (VO**/VO,"),
manganese (Mn®"/Mn®"), and polysulfide chemistries (S,>”/
S,>7), resulting in good performance of HRFCs. The
enhancements achieved together with the projected cost-of-
storage compared to standard VRFBs (commercial) further
highlight their commercial applicability.

In a typical RHVFC, during charging the energy is stored in
the form of hydrogen and vanadium(V) (VO,") (eq 1), and
during discharge, hydrogen is consumed at the negative
electrode and VO," is reduced to vanadium(IV) (VO?*) at the
positive electrode (eq 1)."” In the RHMnFC, the Mn?*/3*
redox couple enables charge/discharge cycles as shown in eq
2.%° In an S-Air hybrid flow cell, the aqueous polysulfide
anolyte is pumped through a porous media at the anode
compartment where redox reactions of soluble polysulfide/
sulfur take place. Concurrently, the ORR/OER (oxygen
reduction reaction/oxygen evolution reaction)> takes place
at catalytically active gas diffusion media at the cathode

https://dx.doi.org/10.1021/acsami.0c17616
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compartment according to the simplified electrode reactions in
3
eq 3.

2VO," + 2H,0" + H, < 2VO** + 4H,0 E’; = 099V

(1)
)

)

Mn** +2H" - Mno** + H, E); =151V

0
Ecel

xS 4+ 40H™ & yS.>” + O, + 2H,0

3 =085V

2. EXPERIMENTAL SECTION

2.1. Materials. Vanadium(IV) oxide sulfate (hydrated) was
purchased from Sigma-Aldrich (purity >99%). Manganese carbonate,
titanium oxysulfate, Na,S,, and NaOH were also obtained at 99%
purity from Sigma-Aldrich. Sulfuric acid (5 M) was obtained from
Fluka, and N,N’-dimethylformamide (DMF, Technical grade for
electrophoretic deposition, 94% pure) was purchased from VWR
International. Reduced graphene oxide (rGO) was purchased from
ACS Material (USA), and all chemicals were used as received. Few-
layer graphene was supplied by our collaborators from Manchester
University.

2.2. Nitrogen Doping of Graphene. N-G was prepared via a
one-pot hydrothermal reaction by using graphene as the carbon
source and cyanamide (Merck) as the nitrogen precursor, followed by
freeze-drying with a high-temperature calcination as reported in detail
elsewhere.”

2.3. Cell Assembly and Conditioning. The vanadium-side
carbon paper (SGL 10AA gas diffusion layer, 400 ym thick) for the
RHVFC was purchased from SGL Carbon Ltd., and the hydrogen-
side platinized carbon paper electrode (SGL 29BC, 235 um thick, 0.3
mg cm™ Pt loading) was obtained from Fuel Cell Store. A well-
hydrated Nafion 115 membrane (127 pm thick, Fuel Cell Store) was
sandwiched between both electrodes to prepare the membrane
electrode assembly (MEA). The membrane was hydrated by heating
it in 1 M H,SO, solution for 1 h at 80 °C and then washed with
deionized water. In addition, for RHVFC experiments, the hydrogen
gas was flowed through a deionized water reservoir to allow
humidification of the MEA, which was not necessary for the
RHMnFC. After the flow cell was assembled, electrolyte was allowed
to run through the system at zero load for at least 1 h while hydrogen
gas was sparged through a glass vessel filled with water to ensure the
membrane was exposed to moisture from both half-cells.">

The humidified hydrogen (CP grade, BOC) was passed through
the anodic side at a constant flow rate of 100 mL min™" for
polarization experiments or 30 mL min~" for charge and discharge,
while a glass reservoir was connected to the hydrogen outlet to collect
any vanadium electrolyte crossover.'> All experiments were conducted
at room temperature and pressure. For RHMnFC experiments, the
hydrogen was not humidified and Mn crossover was not observed.

For the S-Air system, a homemade 5 cm” flow cell assembly was
used. The negative electrode (air side) was a 0.9 mm thick sulfidized
Ni foam (Goodfellow), whereas the positive electrode was either SGL
10AA or its modified versions. The Ni foam was sulfidized by
impregnating it in 1 mol kg™ Na,S,/1 mol kg™' NaOH solution for
72 h. Nafion 117 was used as the membrane (also purchased from
Fuel Cell Store). The as-received Nafion 117 membrane is in the
hydrogen ionic (H*) form. However, the S-Air RFB system requires a
membrane with the sodium ionic (Na*) form. To exchange the H*
ions with Na" ions, the Nafion membrane needs to be impregnated in
1 mol kg™ NaOH solution for at least 4 h at 18—30 °C.

2.4. Electrolyte Preparation and Circulation. For RHVFC
experiments, vanadium sulfate electrolyte solutions were prepared at a
concentration of 0.8 M dissolved in S M sulfuric acid based on
previously utilized electrolytes for VRFBs, some of which provided
high power densities (in excess of 1 W cm™2).'"** The volume of
electrolyte used was 60 mL. For RHMnFC experiments, 1 M
manganese carbonate (99.99%, Sigma-Aldrich) solution in a 1 M
titanium oxysulfate (Fisher Scientific) electrolyte dissolved in 4 M
sulfuric acid was prepared as reported in the literature.”® A peristaltic
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pump (Cole-Parmer Masterflex Model 77200-50) was used to
circulate the vanadium or manganese electrolyte between the cell
and the reservoir at a constant flow rate of 50 mL min™".

A 1 M polysulfide solution was also prepared for linear sweep
voltammetry analyses using sodium sulfide (electrochemically active
species, Merck) and sodium hydroxide (Fisher Scientific) as
supporting electrolyte. For flow cell polarization experiments,
polysulfide electrolyte was circulated between the anode and the
anolyte reservoir by using a Cole-Parmer Masterflex peristaltic pump
at 50 mL min~". The catholyte (air) was pumped by a Waston-
Marlow 505 U permeate pump at 100 mL min~'. A PTFE filter was
attached to the air inlet to remove the impurities (i.e., dust) from the
air before being pumped into the cathode compartment.

2.5. Electrophoretic Deposition (EPD). A horizontal EPD
reactor was used to deposit 0.1 g L™ of rGO (dispersed in DMF) on
CP samples for 30 min at 300 V (TTI Inc. provided the power
supply). This procedure was similar to that described in our earlier
work.'>** Deposits were performed on one side of the carbon paper
sample only as double-sided deposits resulted in poor performances.*®
Only the vanadium- or manganese-side electrode (positive electrode)
was modified, namely, (1) SGL-pristine SGL 10AA carbon paper
electrode, (2) rGO/SGL-carbon paper modified with rGO, and (3)
N-G/SGL - carbon paper modified with N-G. For all cases, the rGO
and N-G deposits faced the membrane for better electrochemical
performances (minimization of ohmic losses) as guided by results we
obtained from our previous studies on the RHVFC."” The deposition
parameters of the horizontal reactor were verified by using a standard
vertical EPD reactor using Al foil or Ni foam working electrodes
(WEs) and a platinized titanium mesh as the counter (electrodes were
obtained from Goodfellow). After this, rGO or N-G was deposited
onto carbon papers by using different voltages, times, active material
concentrations, dispersion timing (Fisherbrand ultrasound was used
to disperse the rGO or N-G in DMF for at least 1 h prior to EPD),
and stirring rates and compared with the results obtained from
horizontal depositions.

2.6. RHVFC Experiments. The galvanostatic tests were
performed by using a Bio-Logic potentiostat (VSP-300), and data
logging was performed by using EC-Lab software. For all tests, the
RHVEC system was allowed to reach an upper cutoff voltage of 1.4 V
and a lower cutoff voltage of 0.4 V as in the previous investigations.*®
This was done to ensure high electrolyte utilization and also to
minimize side reactions such as OER. We used 0.8 M VOSO, in S M
H,SO, as the positive electrolyte with a total volume of 60 mL and a
flow rate of S0 mL min~".

Electrochemical impedance spectroscopy (EIS) was performed
under OCP conditions with a state-of-charge (SOC) of 100%. The
EIS measurements were performed after the first galvanostatic charge
of fresh solution of vanadium electrolyte at a current density of 10 mA
cm™ EIS was recorded at open-circuit voltage for all samples tested.
These measurements were run with an AC current root-mean-square
value of 0.005 A over a frequency range from 1 MHz to 100 mHz and
with 6 points per decade of frequency. The SOC of the cell was
calculated by comparing the experimental capacity with the maximum
theoretical capacity (100% SOC).

Single-cycle charge—discharge tests were performed at constant
current densities in the range 50—200 mA cm™> for the RHVFC.
Finally, potential—current density characteristic curves were obtained
at an initial SOC of 100%, by applying steps of galvanostatic discharge
at constant current densities in the range 40—500 mA cm™2 (30 s
discharge followed by 120 s rest between each discharge step), similar
to that reported in the literature.'>*® However, as this was not a
single-pass system, it is highly likely that our system experienced
electrolyte depletion during measurements, which resulted in lower
power output than what was reported previously."” 150 charge and
discharge tests were performed at 100 mA cm™ to determine the
cycling effects on electrodes.

2.7. RHMnFC Experiments. For RHMnFC experiments the
cutoff voltages were 1.65 V (upper) and 0.6 V (lower) to minimize
MnO, precipitation which would occur as a result of a two-electron
oxidation.”® Therefore, the upper cutoff voltage was kept above the

https://dx.doi.org/10.1021/acsami.0c17616
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Figure 1. (a) Low-resolution SEM of nitrogen (N)-doped graphene (N-G) deposited on SGL (N-G SGL). (b) SEM of N-G SGL showing CP fiber
node covered with N-G flakes. (c) Magnified view of N-G SGL showing transparent nature of the deposited graphene. (d) High-resolution TEM
image of N-G SGL. (e) XPS spectra of pristine CP (SGL), reduced graphene oxide (rGO)-modified CP, and N-G-modified CP as electrode
materials. (f) BET isotherms of pristine CP, tGO/CP, and N-G/CP electrodes. (g) Raman images of all the CPs applied as electrodes in RHVFCs.

Ip/Io(SGL) = 0.2, I/Io(rGO SGL) = 0.4, and Ip/I5(N-G SGL) = 0.7.

open-circuit cell voltage of 1.5 V. Charge/discharge experiments were
otherwise similar to that for the RHVFC. Charge and discharge
cycling was performed at 100 mA cm™ to a maximum of 50 times.

2.8. Linear Sweep Voltammetry of Polysulfide Half-Cell
Electrolyte. Linear sweep voltammetry (LSV) of polysulfides in
alkaline electrolyte, corresponding to the case of the polysulfide/air
flow system, employed a three-electrode cell that consisted of a
carbon paper working electrode, a platinum counter electrode, and a
saturated Ag/AgCl reference electrode with salt bridge (Metrohm).
The working electrolyte used 100 mL of a 1 mol kg™' Na,$, and 1
mol kg™' NaOH solution. Polarization tests of the pristine and
modified SGL 10AA electrodes were conducted by using the LSV
method and performed between the overpotential window of +200
mV with a scan rate of 1 mV s™". Experiments were performed at 20 +
3 °C, and electrolytes were kept under a nitrogen atmosphere
throughout the experiments.

2.9. S-Air Flow Cell Polarization. The single-cell S-Air RFB
system was allowed to run without load for a period of time (ie., 30
min) after setup to reach a stable OCV. The charge cutoff voltage was
set to 0.85 V. The polarization curve of the S-Air RFB was obtained
by using a chronopotentiometry method. A constant current was
applied to the RFB for a certain period of time (i.e., 60 s) where the
corresponding steady-state cell voltage was recorded as a data point
for the polarization curve, after which the RFB was allowed to rest at
its OCV for a period of time (i.e, 2 min) to reach the steady state
before the next polarization step.
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2.10. Cyclic Voltammetry to Determine Electrochemical
Surface Area. Electrochemical measurements were performed by
using a Multichannel AUTOLAB M101. The electrode samples (i.e.,
SGL, rtGO/SGL, and N-G/SGL) were used as the working electrode,
connected to a platinum plate as current collector. A conventional
three-electrode cell was employed, incorporating SCE as the reference
electrode and a Pt rod as the counter electrode, and the working
electrode was soaked in the electrolyte for 9 h prior to measurements.
The electrolyte was S M H,SO, solution. All experiments were
performed at 20 °C, and electrolytes were sparged with nitrogen for at
least 10 min before commencing CV for deaeration purposes. CV
experiments were performed between —0.4 and 1.2 V at several scan
rates ranging from 2 to 50 mV s, similar to that reported
previously.”

2.11. Morphological Characterization. Scanning electron
microscopy (SEM) was performed on a Zeiss Leo Gemini 1528.
High-resolution transmission electron microscopy (HRTEM) imag-
ing was performed by using a FEI TITAN 80/300 TEM instrument
operating at a voltage of 300 kV. Raman spectra were obtained by
using a Senterra II spectrometer. The source of radiation was a laser
with a wavelength of 514 nm. Calculation of the parameters Ip/Ig
(integrated intensity ratio) and FWHM of the G band was performed
by the deconvolution of the spectra. The curve fitting was performed
with the combination of Gaussian—Lorentzian line shapes. X-ray
photoelectron spectroscopy (XPS) was conducted on a Thermo
Scientific Nexsa XPS system employing a monochromatic Al Ko X-ray
source.

https://dx.doi.org/10.1021/acsami.0c17616
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Figure 2. Electrochemical performance of RHVFC using N-G/SGL, rGO/SGL, and pristine SGL as electrodes: (a) Energy density at varying
current densities as a function of cycle number. (b) Energy efficiencies as a function of operating current densities. (c) Fifth charge and discharge
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number under same electrolytic conditions and gaseous flow rate of 30 mL min™". (f) Discharge capacity utilization for 150 cycles. For both plots

(e) and (f) the current density applied was 100 mA cm™

Nitrogen sorption isotherms were performed at —196 °C in an IQ3
Quantachrome system. The BET surface area was deduced from an
analysis of the isotherm in the relative pressure range of 0.07—0.25
atm. The total pore volume was calculated from the amount of
nitrogen adsorbed at a relative pressure of 0.90 atm. The pore size
distribution was calculated by the QSDFT method using the
adsorption part of the isothermal data.

3. RESULTS AND DISCUSSION

Carbon paper (CP) acting as a gas diffusion layer (SGL 10AA,
henceforth termed SGL) was used as the positive electrode for
both the RHVFC and RHMnFC and as the negative electrode
for S-Air cells (the latter was in a three-electrode system to
evaluate the effect of N-G modification of CP in alkaline
polysulfide reactions), as shown in Scheme 1. To modify the
SGL with either rGO or N-G, a horizontal electrophoretic
deposition (EPD) process was used (a binderless process with
precise control of few-layer graphene particles deposition with
the exclusion of graphene aggregates).'”** Deposition
methods using the horizontal EPD reactor are detailed in the
Experimental Section and also reported elsewhere.'”** In
Figure la, the SEM image shows an SGL (CP) electrode with
electrophoretically deposited N-G. The SEM images of pristine
SGL and rGO/SGL are supplied in the Supporting
Information (Figures S1 and S2). N-G flakes in aggregates
can be seen attached to carbon fibers of SGL CP (termed SGL
in Figures la—c) despite not using a binder. SEM and TEM
images of N-G used for the deposition are shown in Figure
lc,d (with detailed images of pristine and cycled electrodes
provided in the Supporting Information). The estimated flake
density of N-G samples was found to surpass that of rGO and
pristine SGL samples (Table S3). A higher density of N-doped
carbon materials was reported to provide a greater number of
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active sites for the adsorption of vanadium ions and their
catalytic oxidation in VRFBs.”” From the SEM images, it was
deduced that N-G-modified SGL (N-G/SGL) contained
~40% more conductive graphitic structures than pristine
SGL (Figure 1a—d). The mass loading of N-G was ~0.25 mg
cm™? while it was 0.15 mg cm™? in the case of rGO-modified
SGL (rGO/SGL) (Table S3).

Although XPS data of rGO/SGL and pristine SGL look
identical, the presence of nitrogen (N) was well evident from
the peaks close to 300, 400, and 530 eV in the case of N-G/
SGL (as shown in Figure le and a closer analysis of the peaks
is presented in Figure S11). Because of sp’-hybridized
molecular orbitals of N forming compounds involving three
bonds, they leave behind a lone pair of electrons that may hop
to the adjacent carbon atoms; therefore, N-doping results in
improved electronic conductivity of electrodes.”” In addition,
N-doping better facilitates the interaction between water
molecules and doped carbon (related to wettability). More
detailed XPS results with N as dopants is given in the
Supporting Information. Briefly, four types of N species are
observed in N-G/SGL electrodes—pyridinic N (48%),
quaternary/graphitic N (24%), pyrrolic N (20%), and oxidized
N (8%)—and these N species appear to be distributed as
surface functional groups on graphene layers as well as dopants
into the interiors of graphene particles (see Figure S11).
Among these species quaternary nitrogen is considered to be
catalytically active toward VO,"/VO?* redox reactions."®

BET data as in Figure 1f indicate that N-G/SGL electrodes
have a surface area of 45.8 m® g~' compared to rGO ~ 41 m*
g ' and CP ~ 30 m* g"". These data are supported by ECSA of
electrodes that were estimated from surface capacitance data
obtained via cyclic voltammetry and were found to be about 2
orders of magnitude less than BET areas for SGL and rGO/
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SGL. In contrast, the ECSA of N-G was only 1 order of
magnitude below that of the corresponding BET area (Table
S3). The ECSA depends on factors such as the surface
wettability and extent of microporous network within electro-
des, and a lower value of ECSA can be an indicator for issues
such as inaccessible pore network and tortuosity impeding
redox/active species adsorption/diffusion.'” Therefore, the
higher surface area combined with larger pore network as
observed in N-G/SGL should favor better HREC kinetics.
Figure 1g shows the Raman spectra obtained on N-G/SGL,
rGO/SGL, and pristine SGL electrodes. The intensity of the D
peak is low for pristine SGL, indicating the presence of many
graphitic layers. In the case of rtGO/SGL, the intensity of the D
peak becomes relatively higher, which indicates the presence of
few or multilayered graphene particles attached to SGL.”' In
the case of N-G/SGL, the D peak intensity is slightly larger in
comparison to rGO, which is indicative of a more amorphous
nature of the carbon deposits. As such, the 2D peak of rGO/
SGL is similar to pristine SGL but slightly less intense
compared with N-G/SGL electrodes. Higher D/G ratios are
indicative of highly defective crystal structures, and the ratios
decrease as the carbon becomes more graphitic (especially for
the case of pristine SGL). In brief, these characterizations
indicate that the integration of N-G into SGL should in
principle render them more suitable as electrodes for HRFCs
because of (i) more active sites via enhanced surface area, (ii)
resilience against corrosion via robust functional groups, and
(iii) higher catalytic activities due to increased defects.”’
After conducting morphological analyses of the CP samples,
we tested them in three different HRFC systems. First, we
conducted extensive tests on RHVFCs using the three types of
electrodes (as described above) to benchmark their electro-
chemical performance against that of commercially available
liquid—liquid all-vanadium RFBs (standard). We then tested
these electrodes on RHMnFCs which require chemically very
stable electrodes at high voltages and evaluated their
electrochemical performance and corrosion resistance. On
the basis of the above tests, we investigated how these
electrodes can be further utilized in S-Air HRFCs (as positive
electrodes) which typically show sluggish kinetics and operate
in alkaline electrolytes. For this, a three-electrode configuration
was employed to simplify the system and facilitate the
visualization of electrode performance of the liquid side
especially. Figure 2a shows the variation of RHVFC energy
density with the applied current density during discharge
cycles. At all current densities tested the N-G/SGL results in
higher energy densities than rGO/SGL and pristine SGL.
These results are comparable to a standard VRFB with
enhanced capacity (using 3 M vanadium compared to 0.8 M in
our work, especially by ignoring the volume of H, gas
generated during the charging of the RHVFC).*® Considering
the fact that the kinetics of the VO,"/VO>" couple is slower
than the H'/H, half-cell in the RHVFC, this performance
improvement is attributable to a combined action of enhanced
ECSA (as supported by BET results in Figure 1f) and
improved catalytic activity of N-G/SGL electrodes.”” The
rGO/SGL electrodes show a marginal improvement (around
5% at higher current densities as seen in Figure 2a) in the
electrochemical performance of the VO,*/VO** redox couple
compared to pristine CP (SGL) which exhibits the lowest
energy density of 21 Wh L' (Figure 2a) because of a low
ECSA combined with poor wettability and low corrosion
resistance.” The result obtained for N-G/SGL electrodes is

also similar to the observation made by Jin et al,,'” highlighting
the role of catalytic activity and fast electron transfer in redox
reactions involving VO,"/VO?*, enabled by N-G modification
of the carbon electrodes.

The energy efficiency of electrodes at four different current
densities is shown in Figure 2b. Coulombic and voltaic
efficiencies used to determine these values are reported in the
Supporting Information. In particular, when current density is
increased, a larger mass flow of active species to the electrode
surface comes at the cost of depleting the reactants.
Consequently, a higher mass transport overpotential is caused,
which reduces the chargin§/ discharging capacity, resulting in a
decline in the efficiencies.”” N-G-modified SGL outperformed
both rGO/SGL and pristine SGL, which is in line with Figure
2a. The fact that we obtained an energy efficiency of slightly
above 60% at a high current density of 200 mA cm™* (Figure
2b) is again reflective of larger ECSA of N-G/SGL which
lowers mass transport overpotential for the RHVFC. These
results are consistent with a practical VRFB operating at similar
or higher current densities of 100 mA cm™ by using thermally
treated N-doped PAN-based graphite felts.”” The variation of
the RHVEFC cell voltage against specific cell capacity is shown
in Figure 2¢, where N-G electrodes outperform both rGO and
the pristine SGL electrodes. Furthermore, these experiments
were performed at a relatively lower current density of 50 mA
cm™ to reduce the effects of side reactions as far as possible.

A higher peak power density close to 410 mW cm™ was
obtained with N-G SGL as shown in Figure 2d in comparison
to that for the pristine SGL, which achieved a value of 293 mW
cm™? (this was in fact much higher than the original value of
114 mW cm™? using the same SGL (CP) as reported by Yufit
and co-workers).”" However, these peak power densities are
lower than those reported'” because this HRFC design, similar
to that reported earlier,'” was not optimized in terms of using a
more appropriate combination of the membrane electrode
assembly, compression, and flow channel configuration. In
addition, our RHVFC was not a single-pass system due to
which the resultant peak power densities were about an order
of magnitude lower than a recently optimized VRFB.'® The
same also applies when our N-G-modified SGL is compared
with a free-standing carbon electrode (derived from carbon-
izing cocoons) having enriched nitrogen defects and oxygen
functional groups yielding ~20% increase in energy efficiency
of RFBs as reported recently.”

Figure 2e shows the cycling performance of the RHVFC.
The overall energy efficiencies obtained by using N-G-
modified electrodes were about 75% for N-G-modified SGL
even after 150 cycles (by which time the cells reached steady-
state conditions) at a high current density of 100 mA cm™2. It
should also be noted that cycling for long periods can result in
performance decay, which are not always necessarily due to
electrode degradation due to reasons including water
evaporation and electrolyte viscosity (lower VE) and/or
redox couple crossover via the membrane to the gaseous
half-cell. This cycling performance compares well with the
main figures of merit of standard VRFBs as displayed in Table
S2, which highlights the realistic potential of RHVFC
technology when employing N-G-modified carbonaceous
electrodes for practical applications. Figure 2f provides the
discharge capacity utilization of the RHVFC upon cycling,
where fluctuations observed throughout the testing are most
likely due to nonoptimized compression of the electrodes
(indicating that further improvements are possible with
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Figure 3. Electrochemical performance of RHMnFC using pristine CP (SGL), rGO/CP, and N-G/CP: (a) Fifth charge and discharge capacity.
Electrolyte was 1 M MnCOj, dissolved with 1 M Ti(SO,), in 3 M H,SO, at a flow rate of 50 mL min™" in a 5 cm? active reactor. Hydrogen flow
rate was 30 mL min~". A constant charge/discharge current density of 100 mA cm™ was used for all experiments. (b) Polarization and power
density curves using the same electrolytic conditions but at a raised hydrogen flow rate of 100 mL min™". (c) Energy efficiencies as a function of
two operating current densities. (d) Energy efficiency variation as a function of cycle number operating at 100 mA cm™> under same electrolytic
conditions and gaseous flow rate of 30 mL min™". (e) Discharge capacity utilization for 50 cycles also operating at 100 mA cm ™.

porosity control and electrolyte accessibility, as shown in a
recent work on VRFBs)." The electrolyte utilization is another
important factor, which in the case of N-G/SGL is improved
on average by 20% in comparison to the performance of
pristine SGL as a consequence of low overpotential and
reduced ohmic losses due to better wetting of the CP as well as
higher ECSA for the VO,"/VO*" redox coupl(=..27'30 Similar
trends of performance enhancements have also been recently
reported on phosphorus-doped carbon electrodes in terms of
cycling performance at high current densities in the VREB.”’

We have also performed postcycling analysis of these
electrodes via SEM, XPS, and Raman which shows that the
morphology of graphene deposited SGL was largely retained
(see Figures S1—S12). This indicates a remarkable stability of
these electrodes as electrochemical reactions attained steady-
state conditions, while catalytically active, which corroborates
with the observed electrochemical performance (Figure 2). In
addition, increasing BET surface areas due to cycling (see
Table S3) may imply an increased presence of oxygenated
functional groups at the graphene edges that contribute to
their wetting properties. Additionally, the graphitic structure of
N-G inhibits degradation while maintaining a good electrode
conductivity.”’

The next HRFC that has high commercial potential is the
RHMnFC because of the use of low-cost electrolyte
(manganese is more abundant compared with vanadium)
and higher operating cell voltage, which leads to decreased
stack costs. In addition, Mn is not volatile at room temperature
(as Br from the positive side of the RHBrFC is toxic in the
vapor phase),' resulting in inherently safer systems. Figure 3a
shows the charge and discharge performance of an RHMnFC
using N-G/SGL-modified electrodes at a practical operating
current density of 100 mA cm % where N-G clearly
outperformed rGO-SGL and pristine SGL electrodes. We
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note that this is the first report of N-G-doped carbon electrode
being exploited in the RHMnFC, which therefore can
incentivize fundamental studies on the interaction of Mn and
Ti (titanium is typically added to electrolytes to suppress the
formation of MnO, that causes capacity fade)’” on both
graphene and CNTs for optimization of HRFCs.

Two different discharge voltage plateaus are observed during
discharge for instance around 1.1 and 1.3 V at 100 mA cm™>
(Figure 3a). A similar phenomenon was also reported in an
earlier work.”” This is attributable to a high initial overpotential
which gradually decreases with discharge and reaches a
constant voltage value after ~3 Ah L™'. This may be due to
the transport of Mn and Ti species back to the liquid reservoir
by electroosmotic drag, thus removing adsorbed metal ions
from the catalyst surface (hydrogen side) and progressively
facilitating the access of H, to the more reactive Pt sites.
Additionally, the depletion of active species at the liquid side
leads to mass transport limitations which, in conjunction with
the stable potential at the negative electrode, can promote a
cell voltage transition toward a lower discharge plateau as
reported previously.”

Figure 3b shows the polarization and power density curves
of the RHMnFC. Without performing IR correction, we
achieved a peak power density of 521 mW cm ™ with the N-G-
modified SGL, which is very close to untreated graphite felt
electrodes used in hybrid manganese flow cells.”” This
therefore indicates that further improvements are possible by
optimizing the membrane electrode assembly, flow distribution
channels, electrolyte management, and electrode compression.
Figure 3c shows the energy efliciencies of the system at two
operating current densities for practical consideration for
scaling up. At 100 mA cm ™, the efficiency of N-G-modified
CP in the RHMnFC of 75% is comparable to that reported for
a similar system using standard graphite felt electrodes.”® It is
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also comparable to efficiencies reported on some VRFB studies
as shown in Table S2.

Figure 3d shows the energy efficiencies of RHMnFC for 50
cycles at a current density of 100 mA cm™> It is observed that
the average energy efficiency for N-G/SGL of 75% is
comparable to that for graphite felt electrodes reported in a
previous study.”’ Figure 3e shows the discharge capacity
utilization, which is about 33% higher on average for N-G/
SGL in comparison to pristine SGL. Additionally, a slow
decline in the trend is observed especially for rGO/SGL and
pristine SGL. For N-G/SGL, the decline is gradual but in a
stable manner and indicating a possibility that the onset of
electrode surface corrosion increases the ECSA and leads to
similar performance when using felts.”” Nevertheless, these
findings point out that employing N-G-modified felts can be
beneficial to HRFC performance, similar to what has been
reported on organic redox flow batteries.”*

Lastly, we have tested the suitability of these electrodes in S-
Air HRFC (in a three-electrode system), which is also for the
first time with this type of electrode. We here aimed at
improving kinetics of the polysulfide chemistry rather than
performing a full S-Air cell (as both RHVFC and RHMnFC
were studied as full cells) by evaluating solely the potential
benefits that N-G/SGL or rGO/SGL electrodes can bring to
polysulfide chemistry (without considering potential losses due
to the high overpotential of ORR/OER).” Figure 4a shows
the electrochemical behavior of pristine SGL, rGO/SGL, and
N-G/SGL when tested in a 1 M sodium polysulfide alkaline
solution in a three-electrode reactor. The Tafel plots
qualitatively show that rGO/SGL results in a higher exchange
current density for polysulfide reactions in comparison to N-G
(as shown in Table S4). This outcome is different from those
that were obtained for an RHVFC under acidic conditions, and
it appears that rGO/SGL is a better catalyst for polysulfide
reactions than N-G/SGL. Looking at the amorphous nature of
rGO when deposited on SGL (from Raman data in Figure 1g),
the alkaline-based polysulfide reactions appear to be benefited
more from catalytic sites for charge transfer, which is
apparently less probable with N-G/SGL because the
interaction of OH™ or polysulfide anions with oxygenated
functional groups is more favorable than nitrogenous species.*®
This implies that the oxygen-based functional groups present
in rGO are more favorable for polysulfide reactions. However,
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N-G/SGL does provide better electrochemical activity than
pristine SGL as shown in Figure 4a.

Figure 4b demonstrates the polarization tests of the S cm®
single-cell S-Air RFC. A maximum power density of ~3.7 mW
cm™? was achieved at the current density of 27.5 mA cm™ for
N-G SGL, which was just less than twice of the maximum
power density achieved with an untreated SGL 10AA carbon
paper (2.8 mW cm™?) anode. Additionally, the peak power
density of rGO SGL is about 4.2 mW cm™2, which is consistent
with the result shown in the Tafel plot (Figure 4a).

Finally, we have performed a cost analysis for rationalizing
the selection and scaling up of these HRFCs (the cost of
vanadium is taken from the Roskill market report Web page””),
and more details are in the Supporting Information. As in flow
battery systems, since the power and energy are fully
decoupled, the knowledge of the cost can aid in tailoring
HRFCs depending on their application. For example, for
applications requiring days or weeks of electricity storage, the
cost analysis indicates that S-Air flow systems will be most
suitable, while for shorter duration of storage (4—10 h)
RHMnFCs will be more appropriate.

In general, even though the cost of VRFB and RHVFC
(Figure S) appears similar at the same continuous discharge
power density, RHVFC becomes cheaper with increased hours
of storage, which is due to less vanadium used in the system.
The RHVFC cost can be further reduced in comparison to
VREFB if HRFC systems operate at higher power densities. This
is relatively straightforward to achieve because the limitation
here is only from the vanadium positive electrode since the
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hydrogen redox reaction is facile and much faster than V(II)/
V(III) in VREBs.”!

Once optimized, the cost of the RHMnFC system is
significantly lower than both VRFB and RHVFC, and this is
solely due to the use of a much cheaper Mn-based electrolyte.
The cost of the S-Air system is high for shorter durations of
storage. This is mainly due to a lower power density of the
system, limited by the reactions on air electrodes. As the main
contributors to the cost here are cell stacks and balance of
plant, the system cost reduces significantly with increased
storage duration, especially when going beyond 10 h (into days
and weeks). With such a long duration the cost of the system
will be mostly defined by the cost of the electrolyte
(concentrated polysulfides dissolved in aqueous hydroxide
solution), which is much cheaper than the low-cost
manganese-based electrolytes.’

4. CONCLUSION

We have investigated three types of hybrid redox flow cell
(HRFC) systems by using hybrid electrodes consisting of
electrophoretically deposited nitrogen-doped graphene on
carbon paper. We have demonstrated that these electrodes
are capable of meeting the harsh electrochemical requirements
for these HRFCs, evidenced by their enhanced performance
and operability, attributed to the high specificity of these
electrodes coming from the synergistic effects of enhanced
electrochemical surface area, chemical/electrochemical stabil-
ity, and catalytic activity. Furthermore, the estimated system
cost shows that HRFCs are potentially low-cost alternatives to
the commercial standard VRFB. The studies reported herein
can provide new incentives for further optimization of HRFCs
involving the replacement of conventional carbon electrodes
with N-G-modified electrodes or free-standing hierarchical
nanomaterial structures to extend their range and scope of the
operating conditions.
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