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Abstract

Augmenting reaction rates on porous carbon electrodes is critical for reducing the cost of all-
vanadium redox flow batteries (VRFBs). To this end, reduced graphene oxide (rGO) based carbons
hold promise, demonstrating high specific surface area, chemomechanical stability, and
electrochemical activity. While initial efforts have shown that rGOs can enhance VRFB
performance, the range of unique processing conditions leads to a collection of materials with
disparate elemental composition and porous structure, thus obscuring performance-determining
characteristics behind redox reactions and frustrating the development of generalizable design
principles. Here, we generate rGO electrocatalysts of nearly identical chemical composition but
different textures (i.e., surface area and pore structure) by varying the drying step in the graphene
synthesis (i.e., vacuum-drying vs. carbon dioxide critical point drying). We apply spectroscopic
and electrochemical techniques on the synthesized rGOs, observing a three-fold increase in BET
surface area using critical point drying. We subsequently decorate carbon felt electrodes — both
pristine and thermally activated — with rGO microparticles via a flow deposition procedure, and
evaluate their performance and durability in a VRFB cell. The synthesis approach and findings
described in this work inform and complement efforts to advance the material science and

engineering of rGO electrocatalysts.
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1. Introduction

Energy storage technologies are poised to play an integral role in the efficient and reliable delivery
of electricity from low-cost, sustainable, but intermittent renewable energy sources.['*l Redox
flow batteries (RFBs) hold particular promise for long-duration energy storage applications due to
their independent power and energy scaling, modular design, and long service life.[>®! The current
state-of-the-art system is the vanadium redox flow battery (VRFB) which utilizes four stable and
soluble oxidation states of vanadium dissolved in an aqueous acidic electrolyte, specifically
V(II)/V(III) and V(IV)/V(V) as the negative and positive redox couples, respectively.l”!"] The use
of the same parent compound greatly simplifies system maintenance, as capacity lost due to species
crossover through semi-permeable membranes can be recovered through periodic electrolyte
rebalancing events. However, while contemporary VRFBs have experienced modest commercial
success, ' broad adoption has been hindered by prohibitive costs, !> 13 prompting research efforts
focused on novel electrolyte formulations!'* and advanced reactor designs.[!5-1°]

Opportunities for cost-effective VRFBs have spurred the development of more compact and
higher-power electrochemical stacks, which are comprised of multiple flow cells arranged in series
and/or parallel.l?”] Integral to these advancements is the need to improve the performance of the
porous carbon electrodes, a core component of the flow cell which simultaneously provides active
sites for the electrochemical reactions, conducts electrons and heat, and distributes electrolyte
throughout the reactive volume. As such, the electrode surface chemistry and microstructure
influence electrochemical performance through kinetic, ohmic, and mass transport resistances, and
fluid dynamics through hydraulic resistance. Historically, carbon felts (CFs), derived from
polyacryonitrile or Rayon, have been used as electrodes in RFBs due to their three dimensional

structure, electrical conductivity, chemical stability in acidic electrolytes, and mechanical



flexibility/compressibility.l'3: 21231 However, vanadium redox reactions are sluggish (standard
heterogeneous rate constant, k® ~ O( < 10~ c¢cm s7')) on unmodified carbon surfaces,?®) hampering
cell power output, and incentivizing strategies to enhance reaction rates.?”]

To address this challenge, post-process modifications of porous carbon electrodes targeting
the augmentation of electrochemically active surface area (ECSA) and/or the alteration of surface
chemistry have been extensively investigated as a means of increasing electrocatalytic
performance. Treatments of the carbon electrodes can be broadly categorized into subtractive or
additive methods. In subtractive methods, the carbon electrode is roughened via thermal /
chemical,[?%-%°] plasma or microwave,l*"! or electrochemicall®!! routes, thereby increasing active
site density, and potentially functionalizing the electrode surface with desirable catalytic groups.
In additive methods, the fiber bed is leveraged as a substrate to deposit micro- or nanoscale
particlesB3234 or structures, >33 increasing ECSA and providing active sites that promote the
vanadium reactions.

To this end, the deposition of electrocatalytic particles into the porous electrodes presents an
opportunity for performance improvement and, potentially, cost reduction.l®) Of the numerous
candidates, graphene materials have drawn particular attention because of their high specific
surface area, high electrical conductivity, chemomechanical stability, and electrochemical
activity.3¥) Despite the unique favorable properties offered by graphene, typical synthesis routes
for high quality (i.e., monolayer) graphene via mechanical cleavage of highly oriented pyrolytic
graphite, epitaxial growth on silicon carbide, or chemical vapor deposition are limited by
throughput and/or cost, thus complicating production at scale. Solution-based processes may
represent a more practical and higher-yield approach, wherein graphite is initially oxidized to

graphite oxide (GO), exfoliated into GO sheets, and subsequently reduced to form reduced



graphene oxide (rGO) sheets. However, increased product yields are realized at the expense of
quality, thus motivating research efforts to improve the morphology and surface chemistry of rGO
material through optimization of the agents and process step conditions in the synthesis route.?%
40-43]

Towards electrochemical applications, high surface area graphene has been demonstrated to
promote ionic adsorption and to improve the electrode performance for VRFBs, oxygen evolution
from water, and remediation of environmental pollutants.l% 441 A growing body of work has
focused on leveraging the properties of graphene-based materials in RFBs,?% 461 investigating
various elemental dopings®? 47-#8! and porous structures,*>-%l in combination with different cell
chemistries (i.e., all-iron®" and all-vanadium!'?!). However, the range in unique processing
conditions lead to rGOs of diverse elemental composition and porous structure, which, in turn,
obfuscates the key material characteristics that promote reaction rates. Hence, there is a need to
continue exploring structure-performance relationships for rGO microparticles within RFBs to
understand how features such as surface texture impact electrode and cell performance.

Here, we describe an approach to synthesizing rGO electrocatalysts of different textures (i.e.,
surface area and pore structure) but nearly identical composition and compare their respective
performances within a VRFB cell. Specifically, we assess the relative importance of the post-
synthesis step (i.e., drying) in the graphene synthesis which controls the surface area and
mesoporosity of the resultant powder. Notably, through process refinement, we observe a more
than three-fold increase in surface area as compared to hydrothermally-reduced GO, 364 m? g! vs.
<100 m? g”!, as well as broader mesoporous pore size distribution ranging from 2 — 90 nm with a
dominant size of ~ 20 nm. We then adhere these high surface area micromaterials to porous carbon

felts — both pristine and thermally activated — via a flow deposition method compatible with



existing cell architectures and evaluate the performance and durability of the rGO-decorated felt
electrodes in a small-scale VRFB cell (Figure 1). We anticipate that the strategies described in
this work will prove broadly applicable to electrode engineering efforts in forced-convection based

electrochemical technologies.
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Figure 1. Scheme of the work presented in this study: Graphite is oxidized and exfoliated using
the improved Hummers’ method,*® 52! and subsequently reduced via a sustainable hydrothermal
reduction method using water as the solvent to produce rGO. The post-synthesis drying method
enables control over the resulting surface area and pore structure of the rGO microparticles. The
electrocatalysts are flow-deposited on carbon felt electrodes and implemented into a VRFB single
cell to evaluate their impact on electrochemical performance.



2. Experimental

Materials synthesis: Graphite powder (99%, crystalline, 325 mesh, Alfa Aesar) was oxidized and
exfoliated using the improved Hummers’ method, as described elsewhere.[*- 321 The graphene
oxide (GO) powder was subsequently dried, either in vacuum (Thermo Scientific Lindberg/Blue
M Vacuum Oven) at 60 °C for 24 h or by critical point drying (CPD) in a Leica EM CPD300. The
dried powders were then hydrothermally reduced. Typically, 100 mg of GO powder was dispersed
in 40 mL of deionized (DI) water (ca. 18.2 MQ, Millipore) and stirred for 24 h to form a dispersion.
Then, the mixture was transferred to a 50 mL Teflon-lined autoclave and kept in an oven (Thermo
Scientific Lindberg/Blue M Vacuum Oven) at 180 °C for 24 h. Finally, the rGO powders were
dried in a similar manner to the parent GO powders and designated as rGO-vacuum and rGO-CPD,
named accordingly based on the drying method.!>!

Materials characterization: The structural analysis was performed by powder X-ray diffraction
(XRD) on a Bruker D8 ADVANCE and using a Cu K, radiation (. = 1.54 A) at a scan rate of 5°
min~! and increments of 0.02°. Scanning electron microscopy (SEM) of rGO particles was
performed on a FEI Quanta 600, operated at 4 kV. Gas adsorption-desorption measurements were
conducted with N at 77 K using a Micromeritics ASAP 2420 instrument. Prior to the analysis, the
samples were degassed under vacuum at 80 °C for at least 12 h. The specific surface area was
calculated using the Brunauer—Emmett—Teller (BET) method. The pore size distribution analysis
in the mesopore range was performed using the Barrett-Joyner-Halenda (BJH) formalism applied
to the isotherm adsorption branch, and the full micro-meso pore size distribution was calculated
using a density functional theory (DFT) model assuming slit pores with the Micromeritics®
MicroActive Interactive data analysis software.’*! X-ray photoelectron spectroscopy (XPS)

studies were performed in a Kratos Axis Ultra DLD spectrometer equipped with a monochromatic



Al Ka X-ray source (hv = 1486.6 e¢V) operating at 150 W, a multi-channel plate and delay line
detector under a vacuum of ~10~ mbar. Survey and high-resolution XPS spectra were collected at
fixed analyzer pass energies of 160 eV and 20 eV, respectively. Samples were mounted in floating
mode in order to avoid differential charging. Binding energies were referenced to the sp?
hybridized (C=C) carbon for the C 1s peak set at 284.4 eV.

Thermal pretreatment of carbon paper electrodes: Sigracet SGL GFAG6EA felt electrodes (Fuel
Cell Store, College Station, Texas, USA) were thermally oxidized under air in a Barnstead
Thermolyne Type 47900 muffle furnace by ramping at a rate of 20 °C min~' from room
temperature to 450°C, holding for 6 h, and cooling down naturally to room temperature. During
the thermal treatment, the electrodes were placed on aluminum foil to prevent contamination and
to prevent individual electrodes from overlapping. The electrodes were stored in sealed plastic
containers under air.

Electrode morphology characterization: The carbon felt porous scaffold and deposited electrode
morphologies were characterized using SEM. Measurements were performed using a ZEISS
MERLIN HR-SEM (Jena, Germany) with an electron energy of 3 keV, an aperture of 30 um, and
a gun-to-sample distance of ca. 5 um. The samples were affixed to the stage with double-sided
conductive carbon tape (Ted Pella Inc.).

Evaluation of rGO performance as an electrocatalyst in flow cell testing: Electrochemical
measurements were performed in a 2.55 cm? zero-gap flow cell architecture [33! with interdigitated
flow fields, a Nafion™ 212 membrane (FuelCellStore, 50.8 um nominal thickness) presoaked in
3 M H>S0O4 for > 24 h, and carbon felt electrodes (SIGRACELL® GFA 6 EA, 6 mm thick), with
an electrode compression of 34%. A flow rate of 25 mL min™' was maintained using a peristaltic

pump (Masterflex L/Series model) and Norprene tubing (Masterflex L/S 16). All flow cell



experiments, with an exception of electrochemical impedance spectroscopy (EIS) measurements,
were performed using an Arbin battery tester (FBTS-8). EIS was performed using a VMP3 Bio-
Logic potentiostat (Bio-Logic USA, Knoxville, TN).

Prior to cell testing, the VRFB electrolyte was prepared by electrolysis. A potentiostatic
precharge step was used, wherein the cell was held at a potential of 1.8 V until the current dropped
below 10 mA (ca. 3.9 mA cm2). During this step, the positive electrolyte was oxidized from VO?*
(V(IV)) to VO2* (V(V)) and the negative electrolyte was reduced from VO** (V(IV)) to V3*
(V(III)). Subsequently, the VO, solution was replaced with fresh VO?* solution and the cell was
galvanostatically charged, at 100 mA cm 2, until the cell potential reached 1.8 V. The cell was
then galvanostatically discharged, at 100 mA cm™2, to 50% SOC for subsequent electrochemical
testing. Each electrolyte reservoir (PYREX® Media Bottles, Graduated, Corning®, 100 mL
capacity) was actively purged with humidified nitrogen to prevent chemical oxidation of the redox
couples via exposure to oxygen. For discharge polarization, rate study, and EIS measurements, the
starting electrolyte in both reservoirs (50 mL in each) was 1.5 M VOSO4 (VO?*), from vanadium
(IV) sulfate oxide hydrate (99.9% metals basis, Alfa Aesar), in 2.6 M H>SOs. For the cycling
stability test, lower active species concentrations and electrolyte volumes were selected to achieve
more galvanostatic cycles while minimizing the effect of cell failure modes unrelated to electrode
performance. Specifically, the starting electrolyte in both reservoirs (25 mL each) was 1.0 M
VOSO04 (VO?"), from vanadium (IV) sulfate oxide hydrate, in 3.0 M H2SOs.

EIS was performed at open circuit potential and 50% SOC to identify the kinetic, ohmic, and
mass transport contributions to the total DC resistance of the flow cell. Frequencies from 1 MHz
to 10mHz were applied at 6 points per decade, and an average of 5 measures per frequency was

recorded. The sinus amplitude was 10 mV. Upon completion of EIS, discharge polarization curves



were obtained by discharging the cell for 30 s at current densities varying from 25 to 500 mA cm 2
in increments of 25 mA c¢m 2. Data were recorded every second, and data points from the last 15 s
at each current density were used to quantify the degree of polarization to ensure the system was
at steady state. After each discharge, the cell was returned to 50% SOC by charging at
100 mA cm2 for a set time that ensured coulombic balance.

A rate study was conducted by varying current densities from 100 to 200 mA c¢cm? in
increments of 50 mA c¢cm2. The flow cells were cycled 6 times at each current density, with the
same current density used for charge and discharge. The cycling stability of the flow cells was
evaluated via galvanostatic cycling at 100 mA cm 2 for 100 cycles (ca. 12.92 days). In both cases,
cutoff cell voltages were set at 1.8 V for charge to avoid the parasitic oxygen evolution reaction
and 0.8 V for discharge. Coulombic efficiency of the cell is calculated as the ratio of discharge
time to charge time. Voltaic efficiency of the cell is calculated as the ratio of average discharge
voltage to average charge voltage, and energy efficiency is calculated as the ratio of average
discharge energy to average charge energy.

The impact of rGO for full-cell performance was assessed by flow depositing rGO onto the

33-341 In brief, 15 mg of carbon was suspended

carbon felts using a previously published technique.l
and dispersed in 3 mL DI water and sonicated for at least 20 min. 1.5 mL of the resulting
suspension was then pipetted into both electrolyte reservoirs and circulated for 1-2 days at a flow
rate of 25 mL min ' to ensure adherence of the rGO to the felt electrodes. We assume a high degree
of rGO uptake into the felt electrode based on changes in the electrolyte color seen in previous
work and because we did not observe visible deposits at the bottom of the reservoir tanks.34

Further, we hypothesize that the electrolyte is well-mixed by continuous circulation through the

flow cell, preventing deposits from settling to the bottom of the reservoir.



3. Results and Discussion

3.1 Structural and chemical analyses of synthesized rGO

We first compare the surface chemistry and topology of the rGO samples through a series of
spectroscopy and characterization techniques. The morphologies of the two hydrothermal rGO
samples studied (rGO-vacuum and rGO-CPD) are shown in Figure 2. Particle sizes range from 5
to 15 pum for both rGO samples, as determined by SEM. Compared to the rGO-vacuum, the rGO-
CPD exhibits finer and more consistent separation of the corrugated basal planes, illustrating the

impact of each drying method.

Figure 2. SEM images of rGO materials prepared by different post-synthesis process: (a) rGO-
vacuum; (b) rGO-CPD.

X-ray powder diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) analyses
enable comparison of the structure and surface chemistry of the rGOs samples. Figure 3 shows
the XRD pattern; all samples display two diffraction peaks at 20 = 25° and 43°, assigned to the
(002) and (101) planes of graphite, respectively.l’* The similarities between the intensity and
placement of the peaks for the rGO-CPD and rGO-vacuum indicate that the crystallographic

structure and physical properties are near identical.
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Figure 3. Powder XRD patterns of the graphite precursor, rGO-vacuum, and rGO-CPD samples.

High resolution XPS study of the C 1s peak further highlights the structural and chemical
similarity of the rGOs (Figure 4). The deconvoluted high-resolution C 1s spectra for both rGO-
vacuum and rGO-CPD show an intense peak of C=C (sp? arrangement) located at 284.4 eV.
Besides the C=C peak, the C 1s spectrum deconvolution identifies five other bands: sp*(285.3 eV),
C-OH (286.4 eV), C=0 (288.0 eV), O-C=0 (288.9 eV), and the n-n* satellite peak (290.8 eV).
The relative concentration (atomic %) of the components are calculated using CasaXPS software
as: C=C 65%, sp*> 13%, C-OH 11%, C=0 5%, O-C=0 3% and n-n* 3%. Hence, independent of

the drying process used, the final materials exhibit comparable structure and surface chemistry.
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Figure 4. High resolution XPS Cls spectra of (a) rGO-CPD, (b) rGO-vacuum samples. The
deconvolution of the Cls peak confirms the equivalent chemical identity in the samples.

Given the hypothesized importance of the surface textural characteristics of rGO materials in
promoting electrochemical reactions in the VRFB cell, we perform N> adsorption/desorption
measurements to characterize the specific surface area and pore size distribution of the samples
(Figure 5). The two isotherms in Figure Sa are type IV, indicating the presence of mesopores
(between 2-50 nm), as per the IUPAC classification.’®) However, the isotherms evince significant
differences in the total N uptake and the shape of the hysteresis loop. The rGO-vacuum display a
type H3 loop at P/Py > 0.5, which is indicative of slit-shaped mesopores.[** 71 In contrast, the rGO-
CPD show a type H2 hysteresis response which is indicative of a congruent network of
interconnected pores.**! The rGO-CPD also exhibit an overall BET surface area of 364 m? g! as
compared to 39 m? g! for the rGO-vacuum. This specific surface area is significantly greater than
the previously reported values for hydrothermal GO, which are typically <100 m? g !.[5 We
estimate pore size distribution using DFT, assuming slit pore shapes (Figure 5b). From t-plot data
(Table 1), both rGO-vacuum and rGO-CPD show pores < 2 nm in size which account for ~ 30 %

and ~ 12 % of the total surface area and ~ 8 % and ~ 2 % of the total pore volume for rGO-vacuum
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and rGO-CPD, respectively. In addition to the presence of micropores in the rGO-CPD sample, a
wide pore size distribution ranging from 2 — 90 nm with a peak at ~ 20 nm is evident from
differential pore volume, dV/d(log(D)) (cm? g!), versus pore width analysis (Figure 5b). Overall,
the rGO-CPD appears a mesoporous material with remarkably high surface area and wide pore
size distribution as compared to its vacuum-dried counterpart. In the rGO-CPD drying process, the
absence of a liquid-gas interface (i.e., surface tension is zero) at the critical point of CO; (304.1 K,
7.39 MPa) helps to retain the original network of rGO nanosheets, preventing structural
collapse,*?) and thus preserving the mesoporous structure and high surface area. Furthermore, the
expansion/release of intercalated CO, promotes layer/nanosheet separation.’* 38 In contrast,
vacuum drying leads to structural collapse within the produced materials. Despite these
differences, the BET measurements indicate that both of the rGO-deposited samples may provide
beneficial added surface area to RFB electrodes. As the two rGO samples are nearly identical in
chemical (XPS) and physical (XRD) characteristics but showcase different pore size distribution
(BET), we subsequently evaluate the influence of the pore size distributions on electrochemical

performance.
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Table 1. Specific surface area and pore structure of the rGO materials studied.

BET surface t-Plot
M ial Pore volume
ateria a;‘ea ) (cm? g™) Micropore area External surface area
(m”g™) (m* g!) (m* g!)
rGO-vacuum 39 0.06 11 27
rGO-CPD 364 1.17 45 318
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3.2 Evaluation of rGO in a single VRFB cell

We evaluate the electrochemical performance of the rGO samples in a VRFB single cell using a
binder—free and facile passive flow method.’®! Specifically, we disperse 15 mg of rGO into 3 mL
of DI water, after which we pipette 1.5 mL of the dispersion into each electrolyte reservoir, and
circulate through the corresponding half-cell for 1-2 days; during this time, the rGO particles
physically adhere to the carbon felt electrodes, increasing the surface area available for
electrochemical reactions. Based on observed changes in the electrolyte color,** and because the
electrolyte is well-mixed by continuous circulation through the flow cell, we assume the rGO does
not settle in the reservoirs; rather, there is a high degree of rGO uptake into the felt electrode. This
is also qualitatively supported by SEM images of the rGO-deposited onto the felt (Figure S1). We
note that at the estimated loading of 7.5 mg per felt electrode, the lower bound for the total
electrode porosity is anticipated to remain unchanged (refer to the Supporting Information for
the full derivation). Thus, while clogging is possible at higher microparticle loadings and with
thinner, less porous electrodes, we do not anticipate blockage in these small-scale experiments.
While this deposition method offers a means of evaluating the impact of rGO microparticles on
full cell performance without using binding agents that may convolute subsequent analyses, it can
only provide semi-quantitative insights into the structure-property relations of the adhered
materials.

First, we compare the performance of pristine felts, pristine felts with deposited rGO-vacuum,
and pristine felts with deposited rGO-CPD via discharge polarization and power density curves at
50% state-of-charge (SOC) (Figure 6a). Examination of Figure 6a shows that the addition of
rGO, irrespective of the processing type, reduces cell polarization losses and thus increases

achievable power density. The addition of rGO-CPD, however, leads to greater enhancement in
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maximum attainable power density as compared to the addition of rGO-vacuum. Because the
electrocatalyst loadings, surface chemistry, and composition are similar between the drying
methods, we posit that the difference between the surface area and pore size distribution extracted
from N, adsorption/desorption results in the peak power density differences. To further elucidate
the effect of rGO texture and morphology on performance, we conduct electrochemical impedance
spectroscopy (EIS) at open-circuit potential for each cell to deconvolute the contribution of ohmic,
kinetic, and mass transport resistances. The area-specific ohmic resistances (Rq) are extracted
using the high-frequency intercepts from the Nyquist plots shown in Figure 6b. The ohmic
resistance is slightly reduced with the addition of rtGO-vacuum (1.28 © ¢m?) and rGO-CPD (1.09
Q cm?) relative to the pristine felt (1.34 Q cm?), although these reductions in ohmics may be due
to increased electrode wetting because of the longer exposure to aqueous solutions (i.e., multi-day
flow deposition procedure). Encouragingly, the magnitude of high-frequency arc corresponding to
charge-transfer resistance reduces with the addition of rGO particles regardless of the synthesis
route. The relative size of the charge-transfer arc, from largest to smallest, follow the trend of
pristine > rGO-vacuum > rGO-CPD. Meanwhile, the low-frequency arc corresponding to the
bounded Warburg mass-transfer resistance remains constant for the pristine and rGO-vacuum,
with a slight reduction for that of the rGO-CPD. Overall, the EIS results suggest that the increased
surface area from the passively deposited rGO benefit charge-transfer by providing additional
active sites; further, the higher surface area, mesoporous rGO-CPD leads to decreased charge-
transfer resistance as compared to the lower surface area rGO-vacuum. We note that the use of
carbon felts of millimeter-scale thicknesses leads to increased cell resistance which, in turn,
hampers power performance as compared to thinner electrodes.[®l However, the deliberate use of

highly porous felts enables microparticle deposition without clogging of the porous structure,
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based on the difference between the estimated felt pore sizes (~ 60 um) as compared to the typical

rGO agglomerate size (~ 5 — 15 pm).B34
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Figure 6. Evaluation of rGO-coated pristine carbon felts in a full-cell VRFB configuration with a
starting solution of 1.5 M V in 2.6 M H>SO4 charged to 50% SOC. The volumetric flow rate is 25
mL min’!'. (a) Discharge polarization and power density curves and (b) Nyquist plots from EIS at
OCYV for pristine felt (black circles), rGO-vacuum decorated pristine carbon felt (green circles),
and rGO-CPD decorated pristine carbon felt (blue triangles).
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As the discharge polarization and EIS results for rGO deposition suggest that rGO can
increase the surface area and reduce charge—transfer resistance in flow cells, we next seek to
investigate whether these changes will be as impactful when depositing the better performing rGO-
CPD onto thermally-activated felts, which possess higher surface area and increased surface
functionalization as compared to their pristine counterparts.[*1-%3] Figure 7a shows the discharge
polarization and power density for carbon felt heat-treated at 450 °C for 6 h (abbreviated as HT)
compared to that of carbon felt heat-treated at 450 °C for 6h and then deposited with rGO-CPD
(HT + rGO-CPD). The baseline maximum power density for the HT felt (242 mW cm?) is higher
than that of the pristine felt (149 mW cm2) and exceeds that of the HT + rGO-CPD
(207 mW cm?). Indeed, the addition of rGO-CPD to the heat-treated felt marginally enhances the
performance, increasing the peak power density by ca. 9 mW c¢m2. Nyquist plots of the HT and
HT + rGO-CPD (Figure 7b) corroborate the discharge polarization results. Specifically, the
semicircles are similar in shape and appearance, with a slight reduction in size for the higher
frequency semicircle corresponding to charge-transfer resistance for the HT + rGO-CPD. Thus,
the addition of the rGO-CPD to heat-treated felt leads to incremental improvement by providing
active sites in tandem with the higher performing heat-treated felt. Altogether, the results suggest
that depositing rGO onto carbon scaffolds can lead to practically realizable benefits for increasing
power density through enhanced kinetics, although this effect is more subdued when combined
with higher apparent activity scaffolds (i.e., heat-treated felts), leading to diminishing returns on

performance.
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Figure 7. Evaluation of rGO deposited onto carbon-felt heat-treated at 450 °C for 6 h in a full-cell
VRFB configuration with 1.5 M V in 2.6 M H>SO4 charged to 50% SOC at a 25 mL min™' flow
rate. (a) Discharge polarization and power density curves and (b) Nyquist plots from EIS at OCV
for HT felts (red circles) and HT + rGO-CPD (blue squares).

To determine the round-trip efficiency of the best-performing electrode combination, HT +
rGO-CPD, we next perform a rate study by galvanostatically cycling at three different current
densities (100, 150, and 200 mA cm?), with six charge/discharge cycles per current density.

Charge/discharge curves and corresponding efficiencies for the cell are shown in Figure 8. The

coulombic efficiency remains relatively consistent throughout the cycling, averaging 94.0% across
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all cycles. The voltaic efficiency decreases from 78.4% at 100 mA cm 2, to 68.9% at 150 mA cm 2,
and 61.1% at 200 mA c¢cm 2. The product of the coulombic and voltaic efficiency yields the energy
efficiency, which is 72.7% at a current density of 100 mA c¢m2, followed by 65.0% at 150
mA cm 2, and 58.1% at 200 mA cm 2. We briefly contextualize the results of the rate study in this
work to recent reports of graphene oxide based electrocatalysts in VRFB literature, noting that
quantitative comparisons are challenged by differences in operating conditions, choice of cell
component materials, and custom flow cell architectures. Park et al. used selectively edge-
functionalized graphene nanoplatelets coated onto carbon felt to achieve an energy efficiency of
ca. 69% at a current density of 150 mA cm2.[*8] Li et al. leveraged nitrogen-doped graphene oxide
modified felt electrodes to attain an energy efficiency of ca. 76% at a current density of
80 mA cm 2.[4] Abbas et al. synthesized rGO from spent coffee beans, and in a static VRFB cell,
reported an energy efficiency of 94% at a current density of 25 mA cm 2.1l Overall, the results

presented here appear comparable to those reported in prior literature.
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Figure 8. Performance of HT + rGO-CPD electrodes in a VRFB cell at different current densities
in 1.5 M V in 2.6 M H2SO4 (50 mL in each reservoir) at a 25 mL min!' flow rate. (a) Voltage vs
capacity curves at each current density. The theoretical capacity is 2.01 Ah. Data shown are from
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the fifth cycle at each current density. (b) Efficiencies of each cycle (labeled current densities are
in mA cm?).

Among potential sources of concern with the stability of the flow deposition technique over
longer durations of cell operation are whether the electrocatalysts remain adhered to the fiber
scaffold surface and resist fouling, both of which would reduce the cell performance. To this end,
we evaluate the stability of the HT + rGO-CPD by flow cell cycling at a constant current density
of 100 mA c¢cm™2 for 100 cycles. The efficiencies remain consistent throughout cycling: we achieve
average coulombic efficiencies of 94.5% and voltaic efficiencies of 78.4%, leading to an energy
efficiency of 74.1%, with a 2.5% reduction in energy efficiency from cycle 1 to 100 (Figure 9).
The minor reduction in the performance metrics shows that rGO-deposited electrodes can perform

reliably over a two-week span of operation.
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Figure 9. Evolution of the coulombic, voltaic and energy efficiencies of HT + rGO-CPD in 1.0 M

V in 3.0 M H2SOs4 charged to 50% SOC, with cycling at 100 mA c¢cm 2 and a flow rate of 25 mL
min~!. For the 100 cycles shown here, the experiment ran for ca. 12.92 days.
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4. Conclusions

High surface area and tunable rGO electrocatalysts deposited onto carbon electrodes provide a
method for increasing active sites in RFB electrodes. In this study, we produce rGO microparticles
with tunable pore size distribution using a synthetic pathway that is sustainable relative to
traditional rGO synthesis methods. We vary the post-synthesis drying method used (i.e., CPD vs
vacuum-dried) to produce rGO samples with similar surface chemistry and crystal structure, but
profoundly different morphological properties and surface area, thus enabling evaluation of the
effect of microparticle mesoporosity and surface area on RFB performance. In particular, the rGO-
CPD exhibits higher surface and mesoporosity as compared to vacuum drying. We assess the
performance of the rGO microparticles in a VRFB single cell through a flow deposition method
that is binder-free, facile, and compatible with existing cell architectures. Irrespective of the post-
synthesis drying step, flow-deposited rGO onto pristine carbon felts leads to kinetic enhancement,
with the mesoporous and higher surface area rGO-CPD exhibiting the highest peak power density
improvement. Identifying rGO-CPD as the best performer, we next examine the effect of rGO-
CPD on heat-treated felts, combining the addition of rGO with a commonly used electrode
pretreatment methodology. The deposition of rGO-CPD onto heat-treated carbon felts leads to less
marked improvement in power density, although kinetics are slightly enhanced, suggesting that
further electrocatalyst optimization will be necessary when combining high surface area
microparticles with a thermally activated scaffold. These results are relevant for carbon
engineering efforts for designing textured microparticles that enhance performance in

macroporous scaffolds.
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