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Nonaqueous redox flow batteries are a promising technology that utilize redox-active species (i.e.,
redoxmers) in solution to store energy via electron-transfer (ET) reactions with electrodes. However,
electron transfer (ET) phenomena at the interface of graphitic electrodes and nonaqueous media are
poorly understood, with several non-idealities in the use of conventional models such as the Butler—
Volmer model reported. Possibilities for these non-idealities include the adsorption of redox species
at the electrode, fundamental ET limitations related to the density of states at the electrode, and the
presence of chemical and spatial heterogeneities at the surface of the electrode. To this point, we
present a computational and experimental approach to comparatively investigate the ET behavior of
two redoxmers, ferrocene (Fc) and 2,3-dimethyl-1,4-dialkoxybenzene (C7) on single layer graphene
(SLG), hydrogen-functionalized SLG (H-SLG), and pristine and hydrogen-functionalized graphite
electrodes. Scanning electrochemical microscopy (SECM) experiments revealed enhanced ET kinetics
for both redoxmers on H-SLG electrodes compared to pristine SLG electrodes, with the degree of
functionalization playing a key role in this enhancement. Electrodes such as boron-doped diamond
and hydrogenated graphite mirrored these enhancements. Density functional theory (DFT)
calculations indicate only small differences in the binding strengths for Fc and C7 redoxmers on SLG
and H-SLG surfaces, but Marcus—Hush—-Chidsey (MHC) kinetic theory analysis suggests that the
density of states (DOS) of the carbon electrode likely plays a crucial role in the observed ET
enhancement. These findings refine our initial assumption of binding energy (BE) as a dominant factor
for interfacial behavior in the case of Fc and C7 redoxmers. Our findings create new opportunities to
explore systems with varying degrees of surface modification to understand and design better redox
flow batteries.

Introduction

Redox flow batteries (RFBs) are a promising technology for
large-scale energy storage owing to their decoupled power and
capacity characteristics, enabling scalability.”* In RFBs, energy
storage occurs between redox couples of molecules, which are
stored in separate tanks and (dis)charged in a reactor separated
by a membrane. Non-aqueous RFBs (NRFBs) offer additional
advantages, such as accessing the higher potential window of
organic solvents and the ability to engineer tailored redox-active
organic molecules, oligomers, and polymers (henceforth
referred to as redoxmers) for high energy density.> Charge
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storage in RFBs occurs through heterogeneous electron transfer
(ET) reactions between electrodes, typically carbon electrodes,
and redoxmers in solution. While the electrochemistry of

J. Mater. Chem. A, 2025, 13, 10097-10110 | 10097


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ta07050j&domain=pdf&date_stamp=2025-03-28
http://orcid.org/0000-0001-7281-4474
http://orcid.org/0000-0003-4768-2312
http://orcid.org/0000-0003-0367-0862
http://orcid.org/0000-0002-9571-3307
http://orcid.org/0000-0001-8855-8006
http://orcid.org/0000-0003-4346-4668
https://doi.org/10.1039/d4ta07050j
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D4TA07050J
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA013014

Open Access Article. Published on 11 March 2025. Downloaded on 4/3/2026 3:42:51 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

carbon electrodes such as graphite has been well studied in
aqueous media,® conclusions from these studies do not neces-
sarily apply in a straightforward manner to non-aqueous elec-
trolyte solutions. It is known that modified graphitic surfaces
have an impact on ET when used in aqueous solutions.*™ But to
illustrate further the challenges in nonaqueous media, the
presence of organic solvents at low/trace levels within aqueous
solutions has been reported to lead to poor ET behavior on
several graphitic electrodes such as highly-ordered pyrolytic
graphite (HOPG) and glassy carbon (GC).””®

These observations from the literature indicate that ET in
non-aqueous solvents deserves a closer inspection of factors
affecting it. One of the reasons posited to explain these obser-
vations suggest that the organic species form surface films that
block ET.*° Indeed, previous studies involving both experi-
ments'®"* and first-principles calculations* in our groups have
indicated similar kinetic limitations to ET in propylene
carbonate solvent. These have been attributed to be arising
from film formation at the interface,' although interactions
between aromatic rings in redoxmers and graphitic surfaces can
also lead to distinct effects on ET depending on the structure of
the adsorbing species.' These limitations in ET can even be
observed with ubiquitous redoxmers, such as widely used
ferrocene derivatives. For example, using the feedback mode of
scanning electrochemical microscopy (SECM) to probe the
potential dependence of ET rates showed kinetic limitations for
hydroxymethylferrocene on graphene clearly occurring in non-
aqueous solvents, but not in aqueous media."* Therefore,
there is some evidence that ET can be affected by the choice of
solvent. However, our studies have not yet focused on the role of
carbon surface structure in influencing ET kinetics. As a result,
the current study presents a combined computational and
experimental efforts to investigate the role of carbon electrode
surface structure on ET kinetics, within a nonaqueous solvent.

The theoretical effort in this work focuses on the binding of
redoxmers to the electrode surface as this may influence
adsorptive interactions and film formation. A working
assumption of this study is that the binding energy (BE) is one
predictive factor of whether a redoxmer forms a film.***
Another factor to consider about redoxmer behavior at the
surface would be intermolecular interactions.'® One way to
make film formation less spontaneous would be to minimize
the BE of a redoxmer to the electrode by utilizing functional
groups on carbon surfaces. A second possibility includes
choosing redoxmers with strong repulsive molecule-molecule
interactions on the electrode surface. Surface modification may
also influence these intermolecular interactions. However, one
must be cautious that modifying the electrode also leads to
distinct changes in the electronic coupling and electronic
density of states (DOS) at the Fermi level. From the Marcus-
Hush-Chidsey theory'” of heterogenous electron transfer at an
electrode surface, these are all factors that can influence charge
transfer.

Experimentally, we utilized reactive plasma to selectively
functionalize areas of microfabricated, single-layer graphene
(SLG) to be used as substrate electrodes. Specifically, we used an
Ar/H, plasma for hydrogenating the graphitic carbons to sp®
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hybridized structures. We used these substrates to our advan-
tage by applying the feedback mode of scanning electro-
chemical microscopy (SECM) to provide insights into redox
reactivity'®'® between modified and un-modified regions of the
SLG. This comparison was done within a single experiment in
which all conditions were equal when evaluating the different
reactive sites on the electrode; we used propylene carbonate
(PC) as representative nonaqueous solvent to minimize evapo-
ration in the electrochemical cell. We first focus on investi-
gating BE differences between ferrocene (Fc) and 2,3-dimethyl-
1,4-dialkoxybenzene (C7) with SLG and H-SLG surfaces (see
Fig. 2). Subsequently, we present experimental characterization
of heterogeneous ET kinetics between these molecules and SLG/
H-SLG electrodes. Furthermore, we discuss our results and
attempt to explain our experimental observations with compu-
tational analysis. Finally, we explore the possibility of whether
there are differences in binding and electronic states at the SLG
and H-SLG surface that could be responsible for differences in
experimentally measured ET kinetics.

Methods and materials
Materials

Propylene carbonate (PC, anhydrous, 99.7%), tetrabutylammo-
nium hexafluorophosphate (TBAPFs, 99%), and ferrocene (Fc,
98%) were purchased from Sigma-Aldrich. The Fc was recrys-
tallized twice from hexane. The 2,3-dimethyl-1,4-
dialkoxybenzene (referred to as ‘C7’ in forthcoming text) was
synthesized via previously established procedures.**** It should
be noted that C7 belongs to a family of 1,4-dimethoxybenzene
derivatives, synthesized for practical, high specific capacity
RFBs.? Single-layer graphene (SLG) was purchased from Groll-
Tex and transferred onto SiO,/Si wafers using polybisphenol-A
carbonate in a wet-transfer method as described in our
previous work.'”** Boron-doped diamond (BDD) was purchased
from Fraunhofer USA CMW. Graphite was synthesized using
chemical vapor deposition on Ni foil as substrate, as described
previously.™

Raman and XPS characterization

Colocalized Raman spectroscopy on the microfabricated
substrates, within the SECM scan area was performed using
a Nanophoton Raman instrument operating with a 532 nm laser
excitation source. The Raman spectra were collected prior to
SECM measurements. The laser power was limited to <0.7 mW
to prevent beam damage. The Raman shift was calibrated using
a neon light source within the instrument.

The XPS was performed using a Kratos Axis Ultra electron
spectrometer, using monochromated Al Ko radiation (1486.6
eV). Survey spectra were recorded at energy resolution of 1 eV,
pass energy 160 eV and high-resolution spectra for individual
elements were recorded at 0.1 eV, pass energy 40 eV. The area
interrogated was 0.3 x 0.7 mm. All spectra were calibrated to
a SiO, peak at 532.8 eV,* and peak fitting was performed using
CasaXPS v2.3.22.>* The C=C/C-C/C-H peak was fit with an
asymmetric LF function as recommended in literature.>* GL30
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lineshape was used for the other functional groups. Shirley
backgrounds were applied on all spectra. Functional groups
within the C 1s spectrum were deconvoluted using peak
assignments described in literature.>

Microfabrication & substrate functionalization

SLG substrates were modified to have select areas hydroge-
nated, leading to H-SLG and SLG regions on a single substrate
using photolithography. AZ5214E photoresist was used in the
positive mode for device fabrication, with AZ917 MIF developer
utilized for developing UV exposed areas. Mask aligning was
performed with a Karl-Suss MJB3 aligner. The complete
lithography process is illustrated in Fig. S1.}

A reactive plasma with Ar/H, as source gas (5% H,, 95% Ar gas
mixture) was utilized to obtain H-SLG. The plasma functionali-
zation was performed with a Tergeo plasma cleaner operating in
a remote plasma mode (plasma ignited upstream in a separate
chamber enabling surface functionalization over graphene
etching). The recipe used 10 W power and 5 sccm Ar/H, flow.
Exposure durations were varied to obtain different degrees of
functionalization and are described within respective figure
captions. This recipe was based on previous studies with the
same instrument for obtaining H-SLG.***” XPS and Raman
characterization of pristine SLG and H-SLG is shown in Fig. 1. It
should be noted that the XPS and Raman spectra in Fig. 1 are
from H-SLG obtained by functionalizing an entire SLG substrate,
unlike those used in the SECM experiments. The XPS spectrum
in Fig. 1a indicates pristine SLG with little/no functional groups,
highlighting that the wet transfer process does not introduce
chemical impurities. H-SLG spectra in Fig. 1b shows a charac-
teristic upshift in binding energies of the C-C/C=C peak,
consistent with the literature on H-functionalized graphene.>”*®
Deconvoluting the exact extent of hydrogenation is challenging
owing to the minor difference of ~0.5 eV in between C-C and
C=C binding energies.”® Raman spectra in Fig. 1c supplements
the XPS analysis with the SLG sample showing minimal defects
(no D peaks observed), whereas defects induced by the Ar/H,
plasma exposure are observable in the H-SLG samples. Further
quantitative analysis of defect density through Raman spectros-
copy is presented later in this article.

Scanning electrochemical microscopy

Scanning electrochemical microscopy (SECM) measurements
were performed with a CH Instruments 920D SECM worksta-
tion, using a Wollaston wire ultramicroelectrode (UME) probe
of 1.2 um radius (Fig. S2af) used as SECM tip. The radius of
glass sheath to radius of the electrode (RG) was kept between
10-15 for all experiments through polishing. Negative feedback
approach curves till 50% i;p/i.. were used to quantify RG before
experiments (Fig. S2bt). A 3 um and 12.5 pm radius Pt UME
were used for SECM analysis of BDD and graphite respectively
(Fig. S31), with RG < 5 for both electrodes. A 0.5 mm diameter Pt
and 1 mm diameter Ag wire were used as counter and quasi-
reference electrodes respectively. Potentials in experimental
data are reported vs. the formal potential for Fc/Fc' redox couple
(E) unless otherwise mentioned. Experiments were performed
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Fig. 1 Characterization of SLG samples transferred on SiO,/Si wafer.
XPS C 1s signals from (a) SLG, (b) H-SLG with percentage quantification
from different functional groups indicated within the figures. (c) Raman
spectra on the same samples with D, G and 2D peaks highlighted.
Duration of Ar/H, plasma exposure for H-SLG sample was 1 min.

in a MBraun Ar-filled glovebox (O,, H,O < 0.1 ppm). All SECM
experiments used a supporting electrolyte of 0.1 M TBAPF, in
PC. The following SECM terminology is used throughout this
paper: d - distance between tip and substrate, a - UME radius, L
= d/a, D - diffusion coefficient of redoxmer, i;, - current
measured during steady state oxidation of redoxmer at SECM
tip, i — mass transfer limited, steady-state current at least 50
um away from substrate.
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SECM feedback imaging and spot analysis

SECM feedback mode was used to image and extract informa-
tion on electron transfer (ET) kinetics between SLG/H-SLG and
select redoxmers. In feedback imaging, the redoxmer of interest
(Fc or C7) was oxidized at the probe and subsequently reduced
at the substrate electrode. This redox recycling near the
substrate electrode is known as positive feedback; positive
feedback currents above the electrodes were used to quantify
heterogeneous electron transfer rate constants, ki, using eqn
(27) described in ref. 29. Diffusion coefficients used for this
analysis were 3 x 107 m* s™" and 2.23 x 107'° m* s~ for Fc
and C7 respectively in propylene carbonate (PC), as measured in
our previous work.' Positive feedback can also be obtained at
open-circuit because the substrate electrode can behave like
a bipolar electrode,***' and k; at open circuit represents an
intrinsic ability of the electrode to engage in ET with
a redoxmer." A region of SiO,/Si wafer (on which SLG is trans-
ferred) was always included in the scan area for feedback
imaging. This enabled accurate tip positioning from the
substrate by using negative feedback approach curves over the
insulating SiO, surface (Fig. S2bt), as this approach curve is not
sensitive to substrate electrode potential or open-circuit feed-
back. In all the normalized current plots, the normalized tip
currents (i/i..) are set to vary between the positive and negative
feedback limits of the SECM experimental parameters. For
positioning the tip over BDD and graphite electrodes, a positive
feedback approach curves was used with the substrate held at
Equp — E” values of —0.4 to —0.6 V, ensuring mass transfer
limitations. This enabled the use of analytical expressions for
mass transfer limited positive feedback approach curves to
accurately determine the tip-substrate distance (Fig. S47).

Likewise, spot analysis with SECM was carried out following
the steps described in our earlier work.** In brief, this approach
involves holding the SECM tip at a constant potential, while the
substrate electrode is biased to perform the reverse redox
reaction of the tip, at different discrete potentials (in a staircase
waveform). This enables correlating the k¢ vs. Eg,, — E” exper-
imental data with Butler-Volmer kinetics (eqn (1)) simulated
using COMSOL finite element analysis:

ke = k® exp[—of(E — E”)] (1)

where, k¢ is the heterogeneous rate constant for the forward
reaction (from O — R), £° is the standard heterogeneous rate
constant for the redox reaction (between O and R), « is the
transfer coefficient, E” is the formal potential, and E is the
electrode potential (which we denote Eg,y, for the specific case of
that applied at the substrate electrode). For redoxmers Fc and
C7 with Nernstian kinetics and similar diffusion coefficients in
the O and R forms, we assumed that E;,, = E”; Ey,, being the
half-wave potential obtained from ultramicroelectrode (UME)
voltammetry.** For comparison to experimental data, idealized
simulations of the feedback response used a« = 0.5, which is
typical for outer-sphere, heterogeneous ET reactions,*” as well
as a k° detailed in the corresponding figure caption. Details of
the COMSOL simulation using transport of dilute species with
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semi-infinite concentration boundary conditions are described
in Fig. S5 and Table S1,T following our previous work."* COM-
SOL experiment parameters such as a, D, RG, and L, etc. are kept
the same as corresponding experiments, as highlighted in Table
S2.1 Fig. S67 illustrates the estimation of feedback limits for
spot analysis using eqn (27) of ref. 29. Our spot analysis
measurements involve measuring tip current as a function of
substrate electrode potential — all normalized tip currents vs.
Equ, — E” used for obtaining the results in this manuscript are
presented in Fig. S7-S11.7

Computational methods

In this work the Q-Chem code?*® was used for all calculations of
cluster models and binding energies. The calculations were
done with the PBE** exchange and correlation functional along
with the empirical Grimme D2 (ref. 35) correction for van der
Waals interactions. All reported results were calculated with the
6-31G* basis set. Comparisons to the 6-31+G* basis set showed
<0.1 eV difference in binding energy calculations. The atomic
relaxations converged when gradients were below 3 x 10~*
hartree A™", energy changes below 10™° hartree, and maximum
atomic displacements below 12 x 10~* A. In calculations of the
molecular binding, the cluster/surface atoms were kept fixed.
All Constrained DFT (CDFT) calculations were carried out as
implemented in Q-Chem within the formalism of Wu and Van
Voorhis.?® The charge partitioning within the CDFT framework
utilized Becke partitioning with the universal density®” shift to
the atomic radii or Bragg Slater shift to atomic radii for calcu-
lations including iron. Calculations including iron were limited
to those for ferrocene molecules.

The VASP code was used***° along with the PBE exchange
and correlation functional® for calculations of the density of
states for pristine and hydrogenated graphene. A 450 eV cutoff
was used for the plane waves for all DFT calculations. A 6 x 6
supercell of graphene was created from a graphene unit cell.
The supercells were given a 16 A vacuum region between peri-
odic images. One of the supercell models was populated pseudo
randomly at an occupancy of 10% hydrogen to form the
hydrogenated model. The hydrogenated model had its atomic
positions relaxed while keeping the lattice parameters fixed
using 6 x 6 x 1 Monkhorst-Pack k-points mesh. Single step
self-consistent field (SCF) calculations were performed with
24 x 24 x 1 Monkhorst-Pack k-points mesh for the pristine and
hydrogenated graphene models to determine their electronic
density of states.

For calculations of binding energies with a cluster model
a hexagonal shaped cluster of 216 carbon atoms with hydrogen
terminations of the 36 zig zag edges was prepared to make
a Cy16H36 system. Smaller clusters have been successfully used
in previous studies of the binding of small organic molecules to
graphene.** A picture of the cluster model used for BE calcula-
tions is shown in Fig. S12.}

To implement a calculation of the BE of a molecule absorbed
on the surface there are effectively two schemes to consider.
These are either a finite cluster calculation or a periodic
repeating calculation. In this work it is shown that a cluster

This journal is © The Royal Society of Chemistry 2025
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model can be advantageous if one can afford a large enough
cluster model. While the main source of error in the cluster
model comes from edge effects, the source of error in the
periodic calculation comes from periodically repeating images.
When the system is charged the periodic charges are particu-
larly problematic and getting an accurate value requires a series
of calculations that are fit to an appropriate form to extract the
large system size limit. Studies of the adsorption of molecules
on charged surfaces show that there can be large errors result-
ing from periodicity.*” Because of the computational expense
and tedious nature of periodic calculations, in this work cluster
calculations were used.

In performing charged binding energy calculations there are
ambiguities that can arise. In Section 1, of the ESIL, T a thorough
explanation of the ambiguities that arise in charged BE calcu-
lations and how we go about dealing with them utilizing CDFT
is presented. When charge transfer occurs in the SCF calcula-
tion the standard method of computing binding/adsorption
energies may not give a physically relevant result. This work
aims to elaborate on these ambiguities from physical argu-
ments based on the meaning of the BE. The main issue that
arises with standard DFT is that the molecule may not take on
the desired charge state. This is because one can only fix the
total charge of the system within standard DFT. As a resolution
to this problem the capabilities of CDFT** are employed to get
a more physically reasonable estimate for the ambiguous
values. The use of CDFT is typically related to preparing diabatic
charge state for modeling charge transfer processes.**™” As far
as we are aware, this is the first time CDFT has been used to
calculate charged binding energies.

Results
Computational binding energy (BE) calculations

One key aspect of how the redoxmers interact with the electrode
surface is their binding energy (BE) and associated free energy
(AG) of adsorption. Here we focus on the BE because it is the
primary component of AG and the most accessible for compu-
tation. In this work, we investigated the binding energies of Fc
and C7 redoxmers. Calculation of the binding energies is dis-
cussed in detail under Section 1, ESI.T To interpret the BE values
obtained, we chose to compare them to the BE of C7, which has
been proven to form surface films during cycling.’ Binding
energies of unsolvated single molecules of Fc and C7 (in their
charged and discharged state) on SLG are presented in Table 1
with the simulated structures shown in Fig. 2a and b. The
negative BE results indicate that C7 tends to bind to SLG
surfaces in both the charged and discharged state. This agrees
with the experimental observation that C7 forms a film on SLG,
although this was not observed for C7'.*° Therefore, we
considered the possibility that repulsive intermolecular inter-
actions between the C7+ cations make the cation binding
unfavorable. We did this by calculating binding energies for
clusters of four neutral and four charged molecules of C7 and Fc
(Fig. 2¢ and d).

The computational results are summarized in Table 1. The
calculations with the cluster of four molecules indicate that film

This journal is © The Royal Society of Chemistry 2025
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Table 1 Summary of binding energies in eV per molecule for Fc/Fc*,
C7/C7*, and PC solvent binding to single layer (SLG, Fig. S12) and
hydrogenated single layer graphene (H-SLG, Fig. S16)¢

SLG with single  SLG with four H-SLG with single

molecule molecule cluster molecule
Fc —0.6 —0.68 —0.68
Fc* —1.44 +1.37 —0.94
C7 —1.07 —1.15 —1.19
c7* —1.66 +0.49 —1.4
PC (solvent) —0.52 — —0.57

% No BE calculations were done for a cluster of 4 solvent molecules
because the solvent molecules are neutral, and there is no charge/
neutral difference to investigate, unlike the case with Fc and C7.

formation is unlikely to occur for C7" due to repulsive lateral
electrostatic interactions of the charged molecules. As opposed
to a single C7" molecule (with calculated BE of —1.66 €V per
molecule BE with the SLG surface), the BE for the four-molecule
array was +0.49 eV per molecule. The positive BE is indicative of
repulsive interactions that may make the film formation with
C7" redoxmer thermodynamically unfavorable. Similarly,
computations of the BE per molecule for an array of four Fc"
molecules produced a value of +1.37 eV per molecule as
compared to a —1.44 eV for an isolated Fc' molecule. To
understand the effects of hydrogen functionalization on SLG
(H-SLG), we modeled a hydrogenated graphene surface by
populating the central part of the graphene cluster model with
a scattering of hydrogen atoms bonded to carbons, as shown in
Fig. S16.7 The results in Table 1 indicate that for the neutral
species Fc, C7, and PC there is a slight increase in binding from
SLG to H-SLG, while for the charged species Fc" and C7" there is
an appreciable decrease of the BE of 0.43 eV per molecule to
0.26 eV per molecule respectively, going from SLG to H-SLG.
Comparing the binding energies across Fc and C7, it appears
that C7 has a stronger tendency to bind to graphitic carbons,
which may be a reason to as to why we see film formation with
these molecules during redox.” On the contrary, binding
energies of Fc are close to that of the solvent PC, implying
competition between Fc and the solvent for binding sites.
Nevertheless, these computational calculations show differ-
ences across molecules (Fc and C7) and across electrode
surfaces (SLG and H-SLG) that prompts an experimental
investigation of electron-transfer behavior.

SECM analysis of Fc reactivity over SLG and H-SLG

To complement the computational BE calculations, we explore
differences in ET kinetics between redoxmers on H-SLG vs. SLG.
For the experimental work, we resorted to SECM for studying ET
kinetics, since the electrochemical behavior of Fc and C7 have
been reported with the same technique earlier."" These
preceding measurements provide a foundation to build our
understanding of how graphitic electrode structures affects
redoxmer reactivity.

First, we utilized SECM using Fc as a redoxmer to map and
quantify the electrochemical reactivity of pristine SLG

J. Mater. Chem. A, 2025, 13, 10097-10110 | 10101
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a)

Fig. 2 Binding configurations of redoxmers to a pristine SLG cluster
model. (a) A single Fc molecule and (b) single C7 molecule binding to
the SLG surface. (c) and (d) Depict a cluster of four Fc and C7 mole-
cules binding to the SLG surface, respectively. Color spheres: brown
depicts carbon atoms in SLG, green spheres depict carbon atoms of
redoxmer, black depicts hydrogen atoms, red spheres denote oxygen
atoms and magenta denotes iron atoms in Fc.

electrodes, as a baseline measurement to compare with (i)
differences in electrode structure, i.e. H-SLG vs. SLG and (ii)
difference in redoxmer identity, i.e. C7 vs. Fc. Fig. 3a shows the
optical micrograph of SLG transferred on Si/SiO, wafer. SECM
feedback imaging results are shown in Fig. 3b. It is evident that
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Fig. 3 Electrochemical reactivity of Fc on SLG substrates, as charac-
terized through SECM. (a) Optical micrograph of SLG substrate on
SiO,/Si wafer, after assembly inside an SECM cell with the dashed line
showing the boundary between SLG and SiO,. (b) SECM feedback
imaging at different substrate potentials (Eg,p, — E%) noted within each
feedback image. (c) SECM spot analysis (at location of white cross
mark, bottom figure in (b)) for quantification of ET kinetic parameter
« using egn (1) applied to data between —0.4 and —0.6 V. All experi-
ment and analysis parameters are summarized in Table S2.+

the normalized currents are not reflecting mass transfer limited
currents as they do not reach the theoretical maximum for Zp/
i, at the imaging distance, indicated by the z-axis color scale.
Spot analysis measurements (Fig. 3c) clearly indicate

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D4TA07050J

Open Access Article. Published on 11 March 2025. Downloaded on 4/3/2026 3:42:51 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

a kinetically-limited ET process, with a linear fit revealing an
a value of 0.25. This value is close to previously reported
measurements of 0.3 in literature’®* and our own measure-
ments with graphitic carbon. However, « is expected to be 0.5
for an ideal, outer-sphere ET reaction such as Fc/Fc' redox.
Therefore, this observation indicates anomalies with Fc*
reduction at SLG. The Butler-Volmer model of electrode
kinetics is derived on the basis of the transition state theory,*
and « denotes the similarity of the transition state to the reac-
tant or product. Given the fact that Fc < Fc' redox reactions do
not involve structural changes (only the Fe-C bond length
changes by ~0.1 A) and any bond breakage/formation,* it is
unlikely that the transition state would lean towards either
redox state. Therefore, we expect the observed kinetic limita-
tions in Fig. 3c to be arising out of other factors influencing
local ET, that manifest as an anomalous « value.
Subsequently, we used microfabricated substrates for char-
acterizing the differences in electrochemical behavior of Fc over
SLG and H-SLG areas. Fig. 4a shows Raman D/G maps of the
substrate used, with Fig. 4b clearly illustrating distinct SLG and
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H-SLG areas. We performed SECM feedback experiments with
reducing potentials of Ey,, — E” ranging between —0.15 to
—0.45 V (Fig. 4c). The SECM feedback experiments revealed
a stark increase in normalized feedback currents i/i., over the H-
SLG areas, indicating that ET kinetics over H-SLG areas were
higher than those over SLG. To probe further into the differences
in ET kinetics, we resolved to spot measurements with SECM,
illustrated in Fig. 4d. The experimental data over H-SLG is close
to what is expected from COMSOL simulations with Butler—
Volmer kinetics, using &° = 107" m s~' and «a = 0.5, implying
significantly faster kinetics. However, the measured k° values are
lower than 10> m s~ estimated for Fc in non-aqueous solutions
using a Pt electrode.' On the other hand, ET kinetics between Fc
and SLG on the microfabricated electrode were also slow, with
mass transfer limited current (i.e. the positive feedback limit)
attained at more negative Eg,p, — E” values. The data for the
microfabricated substrate matches well with the observations of
Fc ET kinetics over pristine SLG electrodes in Fig. 3c.
Therefore, the observation of fast kinetics over H-SLG now
provides evidence that the kinetic limitations can be overcome
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Fig. 4 Raman characterization and reactivity of Fc characterized by SECM on microfabricated SLG substrates. (a) Raman D/G map (without
baseline correction) of the microfabricated sample with SECM scan area depicted in dashed rectangle; H-SLG areas were obtained with plasma
exposure time of 4.5 minutes. (b) Baseline corrected Raman spectra from 10 x 10 um square areas over H-SLG (black box in a) and SLG (red box
in a). (c) SECM feedback imaging at substrate potentials Eq, — £ of —0.15, —0.30 and —0.45 V. (d) ET kinetics (k) studied as a function of Eq,p —
E%. The location over SLG and H-SLG for the SECM spot analysis measurements are marked by white crosses within the bottom feedback image
in (c). Spot analysis data from Fig. 3c (blue markers) is overlaid for comparison to non-microfabricated SLG behavior. COMSOL simulations were
performed with k° =10*m st a = 0.5, L =1.31, a = 1.2 pm and RG = 14.1. All SECM experiment parameters are highlighted in Table S2.7
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by modifying the electrode structure. It should be noted that our
previous studies did not reveal unambiguous evidence of the Fc
redox-active species adsorbing," contrary to other reports.*>*'-5
Likewise, our computational BE calculations does not reveal any
tendency of Fc or inactive solvent (PC) adsorbing significantly
differently over the SLG and H-SLG areas. One possibility is that
the SLG surface is affected by the photolithography steps,
although Fig. 4d clearly shows no difference between ET
kinetics of microfabricated and non-microfabricated SLG.
Nevertheless, to further investigate this possibility, we con-
ducted a control experiment wherein the plasma exposure
duration was reduced (2.5 instead of 4.5 minutes) to obtain
a less-defective H-SLG area (Fig. S17a and bt). The exposure to
plasma should remove surface contaminations but the duration
determines the degree of hydrogenation. Subsequent SECM
imaging (Fig. S17ct) and spot analysis (Fig. S17dt) illustrates
that ET kinetics for Fc' reduction is enhanced over the H-SLG
area once more compared to the SLG surfaces, although to
a lesser degree than in Fig. 4d. Fig. S181 confirms the lower
defect density in the H-SLG obtained with 2.5 minutes of
exposure. Therefore, the enhancement in ET kinetics is clearly
linked to the degree of hydrogenation of the surface.

The observation of increased ET kinetics over functionalized
SLG has been reported in literature, with hydroxymethyl ferro-
cene reactivity (in aqueous solution) over Ar-plasma induced
defects increasing compared to defect-free SLG.** This study
reported that £° increases as a function of defect density owing
to an enhancement in density of states (DOS). However, after
a certain degree, it decreases rapidly owing to decreased
conductivity of the electrode. To compare our results with their
report, we quantified the defect density using Raman data from
Fig. S18.1 The intensity ratios were used to compute Ly (mean
distance between defects) in H-SLG following eqn (2) (as
described in ref. 54):

ID _ C (razfrsz)

- —Ttrbz/LDz _ —n(ri.z—rsz)/LDz )
I ° (ra2 = 2r2) [e ¢ @)

where, C, = 4.2, rs = 1 nm and r, = 3.1 nm and represent
electron-phonon elements, and radii of structurally disordered
and activated radii respectively.>**®

Ly for the samples with 2.5 and 4.5 minutes exposure time
was estimated to be 11.23 and 1.97 nm respectively. These
estimates enable a qualitative comparison of our results to the
findings in ref. 54, which found that their highest k° measure-
ment occurred at an Ly, value of ~2 nm while little to no change
in k° was observed at higher Ly, values. Although there are a few
differences in our methodologies (explained in the ESI Section
2t), there is some degree of agreement in the sense that the
presence of defects on carbon electrodes leads to faster ET
kinetics, as we observe for the 4.5 minutes modification.
However, we also observe kinetic enhancements even when Ly,
~11.23 for the 2.5 min-modified sample. Thus, our results
indicate that H-functionalization affects the dependence of & as
a function of Eg, — E” in non-aqueous media. This also
suggests that there might be differences in the behavior of
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defects in aqueous and non-aqueous media, and findings from
one system do not necessarily translate to the other.

SECM analysis of C7 reactivity over SLG and H-SLG

After characterizing the electrochemical behavior of chemically
stable Fc redoxmers across SLG and H-SLG, we further investi-
gated the C7 redoxmer. Previous work has illustrated C7 to
undergo chemical decomposition pathways*>*® potentially
leading to interfacial processes such as film formation.'* For
investigating the reactivity of C7, we reutilized the substrate
used in the investigation for Fc. SECM feedback imaging illus-
trated that ET kinetics were close to mass transfer limits when
the substrate was left at open circuit at its equilibrium potential
(i.e., OCP conditions). However, the application of substrate
potential corresponding to Eg,, — E” of —0.15 V led to
decreased feedback currents, implying decreased ET kinetics
associated with C7* reduction over SLG areas, as shown in
Fig. 5a. Faster kinetics were observed over H-SLG areas, similar
to what we observed with Fc as redoxmer. Further quantitative
analysis of k; distribution over SLG and H-SLG electrodes in
Fig. 5b, before and after cycling the redoxmer (Fig. S197) yielded
some insight. Over the SLG areas before cycling, there is a clear
decrease in ET kinetics from OCP to biased condition (Eg, — E”
of —0.15 V). After 50 cycles, the OCP kinetics remain low, and
possess a similar distribution as of the biased condition. This
reduction in OCP kinetics after cycling is not seen over the H-
SLG areas, implying that in the case of C7, the H-SLG is more
effective in preventing the inhibition of ET kinetics at low Eg,;, —
E” values. We also performed the spot analysis for quantifying
ke over a wider range of substrate potentials, as shown in Fig. 5c.
As observed, the spot analysis corroborates our previous
conclusion that k¢ values over H-SLG are higher at less negative
Esup — E” values. However, positive feedback limit k¢ values are
still attained at Eqp, — E” < —0.75 V, for both SLG and H-SLG
electrode areas. Such conditions imply artificially low
a values, and therefore, indicate that there might be additional
mechanisms limiting C7" reduction rates at SLG/H-SLG elec-
trodes, following the discussion of anomalous « values
observed for Fc' reduction with SLG electrodes. In summary, H-
SLG helps alleviate some of the kinetic limitations observed for
the C7" reduction, especially in the low overpotential region,
but only to a limited degree.

Comparison to the SECM feedback response over bulk
electrodes with sp® surfaces: boron-doped diamond and
hydrogenated graphite

To explore whether bulk electrode materials with sp* hybridized
surfaces could lead to higher rates of ET, we resorted to
measurements with boron-doped diamond (BDD) and Ar/H,
plasma-functionalized graphite. Beginning with BDD, profil-
ometry shown in Fig. 6a revealed the height of surface features
varying on the order of £0.5 pm. Raman spectrum of BDD
(Fig. 6b) indicated presence of electronically conducting sp®
carbon at 1520 cm %% The peak at 1215 cm ™' indicates
significant boron doping to ensure conductivity.*”>* The sharp
peak at 1325 cm ™" originates from sp® carbon associated with

This journal is © The Royal Society of Chemistry 2025
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Fig.5 Reactivity of C7 over SLG and H-SLG as characterized by SECM.
(a) SECM mapping of electrochemical reactivity at open circuit and at
substrate Eqp — EY0f —0.15V, —0.30 V and —0.45 V before cycling of
C7 at the substrate (Fig. S19%). (b) Distribution of rate constants from
SLG and H-SLG areas, before and after cycling C7 with the substrate.
(c) SECM spot analysis between SLG and H-SLG regions. Rate constant
distributions were obtained from 27 um? areas, denoted by white and
black rectangles within negative feedback image of —0.15 V in (a). Spot
analysis was obtained from spots indicated by white and black crosses
within the SECM feedback image of —0.15 V in (a). All experiment
parameters are summarized in Table S2.+
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Fig. 6 Reactivity of Fc over BDD electrodes. (a) 2D profilometry of the
sample, illustrating roughness varying over +£0.5 um. (b) Raman spectra
of BDD with 532 nm excitation wavelength. (c) Spot analysis of Fc over
BDD. COMSOL simulations were performed with k° =102 ms™, a =
0.5 L =0.787, a = 3 um and RG = 4.4. Standard deviation from 3
experiments is shown with the shaded area. The experimental data is
the data from a single experiment, and not the average data. All
experimental parameters are summarized in Table S2.}

diamond.®” Spot analysis of Fc reveals fast kinetics (Fig. 6c¢),
similar to those observed over H-SLG in Fig. 4d, and consistent
with COMSOL simulations with « = 0.5. This observation agrees
with our expectation that materials with sp® hybridized surfaces
can mitigate kinetic limitations associated with the reduction of
Fc' to Fe.

Likewise, we explored hydrogen plasma functionalized
graphite (H-graphite) samples, from the same batch of material

grown for our previous study' obtained by chemical vapor
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Fig. 7 Reactivity of Fc with H-graphite electrodes. (a) Optical micrograph of the graphite substrate on Si wafer. (b) Raman 2D/G maps (without
baseline subtraction) illustrating spatial changes in the Raman signature of graphite after functionalization with Ar/H, plasma. (c) Raman spectra
illustrating the increased D peak intensity. (d) Experimental data from SECM spot analysis using Fc redoxmer in solution (with standard deviation
from 3 measurements shown in shaded area, experimental data denoting data from a single experiment, and not the average). Data from Fc
reactivity on graphite from our previous work is overlaid in the same figure, along with results from COMSOL simulation (in blue) with k° =
103 ms™t a =05 L=024and RG = 2.70, a = 12.5 um. Note, the difference in positive feedback limit from the two datasets arise due to
different tip-substrate distances involved with the SECM experiment. H-graphite was obtained with plasma exposure duration was 3.5 minutes,
under a power of 20 W and gas flow rate of 4 sccm. 2D/G maps in (b) are from the region denoted by the dashed box in (a). Raman spectra in (c)
was obtained by averaging over 5 x 5 um areas within the black boxes in (b). All SECM experiment parameters are summarized in Table S2.1

deposition. The graphite was transferred on Si/SiO, wafer
(Fig. 7a) through a wet transfer process without any sacrificial
polymer coating on the surface. Raman analysis before and
after functionalization confirmed changes in the graphite
structure, with D peak intensities becoming more prominent
(Fig. 7b and c). SECM spot analysis using Fc as a redoxmer
(Fig. 7d) revealed faster ET kinetics than compared with pristine
graphite electrodes measured previously." Likewise, the spot
analysis data from the H-graphite electrode is similar to theo-
retical COMSOL result generated from Butler-Volmer kinetics.
Therefore, surface functionalization of the bulk graphite
substrate was observed to enable fast Fc ET behavior, whereas
the pristine graphite exhibited kinetically limited ET behavior.™
This experiment serves as further evidence of surface func-
tionalization being key in overcoming kinetically-limiting ET
behavior of redoxmers in non-aqueous media.

Computational insights in the context of the MHC formalism

From computations, only a small BE difference (0.1 to 0.5 eV per
molecule) is found for the SLG and H-SLG models for both Fc/

10106 | J Mater. Chem. A, 2025, 13, 10097-10110

Fc' and C7/C7" (Table 1). Experimentally, we investigated the
reduction of the two redoxmers. Therefore, we expect the
binding energies in the neutral state to be more important
because the molecules need to get off the surface and allow for
new charged molecules to get to the surface and undergo
reduction. However, in the neutral reduced state, the difference
is on the low end of ~0.1 eV, indicating that in both SLG and H-
SLG, there should be little/no difference in the kinetics of the
reduction reaction owing to binding. Likewise, even if we
consider the greater difference in binding in the charged state,
our four-molecule cluster calculations indicated that intermo-
lecular repulsion makes binding thermodynamically unfeasible
for a cluster of redoxmer molecules in solution. This leads to the
question of why the ET kinetics vary between SLG and H-SLG,
especially in the case of Fc¢/F¢” where effects like film forma-
tion are not expected. Some other factors that could contribute
are electronic coupling, density of states (DOS), and reorgani-
zation energy. The reorganization energy would be dominated
by solvent-redoxmer effects, which are constant across experi-
ments in this work. Thus, we do not expect this to be an

This journal is © The Royal Society of Chemistry 2025
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appreciable factor in causing differences in the rate constants
for SLG and H-SLG. On the other hand, it was found from the
10% occupied hydrogenated graphene model that there was an
enhancement of the DOS near the Fermi level. From the Mar-
cus-Hush-Chidsey theory'”**** of heterogenous electron
transfer at electrode interfaces, enhancing the DOS of the
electrode around the Fermi level should produce a higher rate
constant. Eqn (3) gives the form of the Marcus-Hush-Chidsey
theory for electron transfer at an electrode surface for the
forward reduction reaction:

_ 27 * (e—2— en)2 2
ko = s | exp< - W)P(f)f(s)HkA(fﬂ de
®)

In eqn (3), A is the reorganization energy, ¢ is the energy of an
electron in the electrode referenced to the Fermi level, p(e) is the
density of electronic states, f{¢) is the Fermi-Dirac distribution
electron occupation of available states in the electrode, |Hy (¢)
is the electronic coupling between an electronic state wave
vector k in the electrode with the acceptor molecule averaged
over all wave vectors with a given energy ¢,°* e is the funda-
mental unit of charge, and 7 is the overpotential.
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Here it is assumed the reorganization energy and coupling
are independent of the overpotential. While the units of eqn (3)
are in s it should be related to the heterogenous rate constant
(k) in m s~' by a proportionality factor.*> The DOS for SLG is
shown in Fig. 8a while the DOS for the H-SLG model is shown in
Fig. 8b along with a magnified image close to the Fermi level in
Fig. 8c. The results of these DOS calculations show an
enhancement of the DOS in the vicinity of the Fermi level for the
H-SLG as compared to SLG. Based on eqn (3) if the reorgani-
zation energy and coupling parameters were constant, the
increased DOS would lead to an enhancement in the ET
kinetics. In the work of ref. 54 it was also found that defects on
graphene could enhance the DOS at the Fermi level and it was
concluded to be a factor in enhancement of heterogenous rate
constants. A common approximation®-** is to assume the
coupling is constant and taking it out of the integral and then
eqn (3) can be evaluated up to a constant factor to determine
what effect just the DOS would have on the rate constant.
Integrations using the H-SLG and SLG DOS (while fixing the
other parameters) with a reorganization energy of 0.5 eV suggest
an increase in the rate constant of about 2 orders of magnitude
for H-SLG in the range of 0 V to —0.6 V overpotential. The
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Fig. 8 Computational analysis of DOS for selected surfaces and their effects. (a) Density of states for SLG. (b) Density of states for 10% occupied
model of H-SLG. (c) Zoom in of (b) around the Fermi energy. (d) Relative rate constants for H-SLG and SLG up to an unknown constant ¢
calculated by integrating egn (3) with the DOS from (a) and (b) while assuming the electronic coupling was a constant factor brought out of the
integral and equivalent for H-SLG and SLG. In (d), egn (3) was evaluated at 300 K and with a reorganization energy of 0.5 eV.
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explicit comparison of these integrations is shown in Fig. 8d,
and these results qualitatively match the trends seen in
Fig. S17d.f We expect this trend to hold for bulk graphitic
carbons as well since the DOS of graphite and graphene are
similar, which also explains our observation of faster ET
kinetics observed for Fc over hydrogenated graphite and most
likely, BDD. Despite this increase in rate constant, it is still
possible that other issues such as redoxmer film formation may
obscure such effects, which may account for the lower reactivity
observed for C7 in Fig. 5.

Unfortunately, evaluating the electronic coupling term in eqn
(3) is complicated. In principle the electronic coupling needs to
be sampled as a canonical average over configurations near the
transition state and it is possible the electronic coupling could
fluctuate substantially over time.*® This makes results from
single point configurations of electronic coupling unreliable.
Also, the method for computing electronic coupling with CDFT
in Q-Chem is not representative of the wave vector by wave
vector coupling calculation prescribed by Marcus® needed to
evaluate the integral in eqn (3). Electronic coupling calculations
implemented in Q-Chem and other DFT based codes are based
on computation using an overlap of wave functions approxi-
mated by a Slater determinant of the DFT orbitals*®* and do
not afford the ability to determine couplings as prescribed in

eqn (3).

Predictions for future work

With the insight provided by the experiments and computa-
tional above, we thought it would be useful to screen other
redoxmers which might be of interest for future experiments.
We report the binding energies from a collection of redoxmers
(Section 3, ESIt), with their ChemDraw structures shown in
Fig. $20.1 All the molecules are catholyte molecules (including
cyclopropeniums and alkoxybenzenes) except for benzothia-
diazole derivatives 5a and 5b, which are anolytes. Of particular
interest are molecules 1b (an asymmetric cyclopropenium) and
5a (benzothiadiazole). 1b and 5a are a catholyte® and anolyte®
molecule respectively, both of which possess desirable charac-
teristics of a practical RFB molecule: high potentials (E° of 0.8 V
and —1.9 V vs. Fc/Fc'), high solubility (>0.5 M) and stability
during RFB cycling. Therefore, the BE computation may impact
development of redox-active molecules for RFBs and are pre-
sented in Tables S3-S6.7 Interestingly, we note that molecules
like 1b, which have redox states of +1 and +2 show binding
energies more negative than Fc and C7, indicating a greater
preference of binding with graphitic carbon. On the other hand,
anolyte molecule 5a shows binding energies lower than Fc
and PC solvent, with constrained DFT calculations showing
a BE of —0.25 eV in the —1 state. These results indicated that
positively charged species may tend to exhibit stronger binding
towards sp> hybridized graphitic carbon surfaces containing
delocalized m-electrons. ET behavior of these molecules could
be interesting given some of these molecules have much higher
and lower binding energies than the Fc and C7 molecules
investigated herein, and therefore merits further study in future
works.
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Conclusions

In this work, we started off by hypothesizing that the BE of
redoxmers to graphitic carbon surfaces may be a determining
factor in film formation, as we had observed previously for 2,3-
dimethyl-1,4-dialkoxybenzene (C7) on multi-layer graphene.
However, BE calculations of both Fc and C7 redoxmers had
negligible differences (0.1 to 0.5 eV per molecule) between SLG
and H-SLG electrodes, despite in all cases showing clear
differences in SECM feedback experiments. Specifically, SECM
imaging and spot-analysis over H-SLG surfaces showed that ET
kinetics are significantly enhanced, with the degree of func-
tionalization being a key factor in this enhancement. In the case
of Fc, ke values increased by an order of magnitude at Eg, — E”
of —0.15 V, along with the observation of Nernstian ET behavior
over H-SLG. Upon comparison to literature, we found subtle
differences in how the defects affect ET kinetics. Previous work
showed that the defects affect k° of the ET reactions, whereas
our study highlighted also that the measured potential region
(Esup — E”) is determining as well. Apart from BE, MHC kinetic
theory highlighted other possible factors that explained our
observation of faster kinetics over H-SLG. In this regard, we
investigated the electrode DOS and observed that ET kinetics
theoretically calculated using the MHC model and DOS from
defect and defect-free electrodes qualitatively suggest similar
trends to those observed experimentally. While the factor of
electronic coupling could not be ruled out, it is likely that the
change in DOS due to plasma functionalization does play a role
in the enhancement of ET kinetics observed over H-SLG.
Consequently, these explanations help us refine our hypoth-
esis that the BE is a controlling factor of interfacial behavior in
the case of Fc and C7 redoxmers. This refinement is necessary,
as ET kinetics for the C7 system remained significantly lower
than for Fc, suggesting that film formation could still play
a role. However, our results indicate that electronic structure
factors on the electrode are likely dominant. These findings
create new pathways to design electrodes for NRFBs and help us
make predictions of redoxmers that could be studied in the
future to further explore reactive trends. Specifically, we expect
device-level investigation into the role of surface functionality
and related processes to engineer the same (such as thermal,
chemical, plasma treatments) being an important direction to
pursue in efforts to manipulate electrode performance in RFBs.
Additionally, this work provides fundamental insight into non-
aqueous electrochemical technologies based on organic redox
mediators, which may include electrosynthesis and electro-
chemical carbon capture among others.
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