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Abstract:

This study explores the potential of nitrobenzene as an anolyte material for nonaqueous redox
flow batteries (RFBs) by theoretically examining its low-coverage adsorption behavior on neutral
and charged Ag(111) model electrode surfaces. At the low coverage limit, DFT calculations show
a preference for nitrobenzene to adsorb parallel to the surface, with the benzene ring and nitro
group centered over HCP sites. Interactions between nitrobenzene and the surface were analyzed
using induced charge density analysis, Bader charge analysis, and projected density of states
(PDOS). It was found that nitrobenzene adsorbs primarily through van der waals interactions with
the surface. As nitrobenzene accumulates negative charge, the strength of adsorption diminishes.
Understanding the electrode-electrolyte interface is crucial for enhancing RFB electrochemical
performance, and this study sheds light on nitrobenzene's interaction with a model Ag electrode.
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1. Introduction

The increasing use of intermittent green energy sources such as wind and solar is driving the
development of large-scale batteries capable of balancing the fluctuating demands on the power
grid [1-3]. Redox flow batteries (RFBs) have emerged as a scalable solution, offering safety
benefits in comparison to lithium-ion batteries, and the unique ability to decouple energy and
power [4, 5]. In RFBs, energy is stored in redox-active molecules housed in separate tanks. During
charging and discharging, these molecules are circulated through the battery, with one undergoing
oxidation and the other undergoing reduction. Among RFB types, nonaqueous organic RFBs offer
distinct advantages over inorganic and aqueous alternatives.

The use of organic molecules as active redox species (redoxmers) presents an environmentally
friendly and easily customizable alternative to metal counterparts [6-8]. Furthermore, nonaqueous
solvents offer wider operating voltage windows than water, as well as higher boiling and lower
freezing points [9-11]. While extensive research has focused on the development of large,
complicated redoxmers, there is growing interest in exploring small organics due to their cost-
effectiveness and commercial availability. Nitrobenzene stands out as an attractive option due to
its economic viability, stability, and good electrochemical reversibility [12].



A conventional RFB electrolyte typically consists of a solvent, salt, and a redoxmer. The primary
function of the solvent is to solvate both the salt and the redoxmer, without directly contributing
to the battery’s energy density. Liquid electrolytes such as nitrobenzene are appealing because of
their inherent liquidity, which reduces solvent requirements [13]. Notable for its role as a precursor
to aniline -a valuable compound in industries such as pharmaceuticals, agrochemicals, rubber, and
pigments- nitrobenzene has been extensively studied both experimentally and computationally
[14, 15].

Several studies have examined the use of nitrobenzene as an anolyte in RFBs. Yu et al. carried out
a study pairing nitrobenzene in acetonitrile with iodine in tetracthylene glycol dimethyl ether. At
a concentration of 1 M and a current density of 1.0 mA cm™ the authors observed negligible
capacity fade over 50 cycles [16]. Subsequently, Liu et al. combined nitrobenzene and several
nitrobenzene derivatives with  2,5-di-fert-butyl-1-methoxy-4-(20-methoxyethoxy)-benzene
(DBMMB) catholyte and reported a capacity retention of 50% over 100 cycles at 50 mM and 40
mA cm™[17]. Xu et al. also studied nitrobenzene with DBMMD, reporting a capacity retention of
66.1% after 50 cycles at a concentration of 100 mM and a current density of 60 mA cm™ [18]. The
impact of solvent on the cycling performance of model nitrobenzene redox flow batteries was
studied by Liu et al, who determined that the use of acetonitrile resulted in the highest discharge
capacity and a much slower capacity decay compared to systems using other nonaqueous solvents
[17]. This indicates that no notable chemical reactions resulting in capacity loss occur between
nitrobenzene and acetonitrile in short term experiments. When considering the maximum
achievable concentration of nitrobenzene in acetonitrile, Lui et al. and Xu et al. calculate
theoretical energy densities of 11892 Wh L' and 182 Wh L-!, respectively. However, the
concentrations used to calculate these values are currently impractical in operational RFBs due to
issues such as high viscosity and irreversible dimerization of the nitrobenzene radical anion.
Presently, experimental energy densities of the best nonaqueous organic RFBs range from 9.2-
22.2 Wh L' [19] while vanadium RFBs -the most commercially successful- exhibit energy
densities ranging from 25-35 Wh L' [20]. Although vanadium RFBs are more extensively
developed, further research holds the potential to make RFBs such as the nitrobenzene battery
competitive with vanadium.

Density functional theory (DFT) calculations have been instrumental in understanding various
aspects of RFBs and informing design improvements. Xu et al. published DFT results that explore
the correlation between singly occupied molecular orbital (SOMO) energies and the stability of
radical anions. While molecular DFT is commonly used to study RFB redoxmer properties such
as redox potential, and the energy gap and spatial localization of the HOMO/LUMO, periodic DFT
for studying the electrode-electrolyte interface in RFBs remains an open-ended area of research
[21-24]. Understanding this interface is crucial for developing efficient batteries with long-term
stability and can benefit from molecule-surface studies modeled in vacuum conditions [25-34].
Existing literature on RFB electrode-electrolyte interfaces based on vanadium are prolific [35-38].



Beyond vanadium, Howard et. al, investigated the interactions of 2,5-di-tert-butyl-1,4-
dimethoxybenzene, benzothiadiazole, acetonitrile, and ethylene carbonate with a model graphene
electrode [39]. Ensuring good charge transfer between the electrode and electrolyte is essential for
competitive RFB development, underscoring the need for further research in this field.

The inclusion of solvent and charge has a significant effect on the electrochemical environment,
as demonstrated by Yuk et al. in their investigation of the catalytic hydrogenation of benzaldehyde
over Pt-group metals [40]. Their study assessed the effects of charging the metal surface via the
inclusion of additional electrons and modeled solvation effects by incorporating explicit water
molecules. We use the charge simulation method described, motivated by its utility for studying
the effects of applied potentials. However, due to the substantial difference in size between
acetonitrile and water, approximations are necessary when considering solvent. Bramley et al.
recently described an approach for calculating the free energy and entropy change of adsorption
in the aqueous phase, employing a parametrized solute dielectric cavity, thermodynamic
arguments, and DFT calculations with implicit solvation [41]. Singh and Campbell report a method
for accurately calculating heats of adsorption for organic molecules on transition metals [42]. Potts
et al. highlighted that solvent displacement diminishes the effective adsorption energy of similar
molecules such as phenol and benzene, emphasizing the importance of including solvation effects
[43]. While employing the methods of Bramley or Singh could offer a more accurate description
of solvation effects, they necessitate the use of experimental data that is currently unavailable for
our system. In this work, we use the implicit solvation model VASPsol for its cost-effectiveness,
simple implementation, and its ability to incorporate an implicit electrolyte-based countercharge
when evaluating charged surfaces [44,45]. The countercharge distribution of VASPsol offers a
more precise representation of the electrochemical double layer compared to the commonly used
homogeneous background method. Additionally, good agreement has been shown between
experimental solvation energies and solvation energies calculated using VASPsol [44]. Therefore,
as a preliminary step for future investigations, we adopt a more simplified approach to solvation
using VASPsol, as recently applied by Wong et al. in their examination of nitrobenzene reduction
on transition metals [34].

In this study, our goal is to enhance the understanding of the electrochemical environment within
a nitrobenzene RFB. We employ periodic DFT to examine the adsorption of nitrobenzene onto
both neutral and charged Ag(111) electrode surfaces in an acetonitrile solvent environment, which
is modeled at the continuum dielectric level. Our investigation of the charged surface seeks to
clarify how nitrobenzene interacts with the Ag surface under the reducing conditions observed at
an RFB anode. We chose silver, motivated by its cost-effectiveness compared to other noble
metals, and the (111) surface is selected for its thermodynamic stability [46]. Furthermore, we
include acetonitrile solvent, modeled implicitly, in our calculations, chosen for its wide
electrochemical window and its ability to solvate nitrobenzene effectively, with the aim of better
representing the electrochemical environment in an RFB [47].



2. Computational Details

DFT calculations were performed using the Vienna Ab Initio Simulation Package (VASP) and
the PBE-GGA exchange-correlation functional [48-52]. Calculations comparing exchange-
correlation functionals were carried out and are reported in table S1. The DFT-D3 method of
Grimme with zero-damping function was used to account for van der waals interactions [53].
Projector augmented-wave (PAW) pseudopotentials were used with a converged planewave
cutoff of 450 eV [54]. Gaussian smearing was employed with a width of 0.1 eV. A 4x4 supercell
four atomic layers thick was used to model the Ag(111) surface, with a DFT optimized lattice
constant of 4.14 A. To ensure that a 4x4 supercell was sufficiently large to achieve isolated
adsorption, adsorption for a single 5x5 cell was carried out. The adsorption energies —presented
in table S2- are the same for both supercells. 20 A of vacuum was included between slabs to
prevent unwanted interactions between periodic images. A 6x6x1 Monkhorst-Pack k-point grid
was used [55]. All atoms were allowed to relax during geometry optimizations, with a force
convergence criterion of 0.03 eV/A and an electronic convergence criterion of 1x10 eV.
Isolated nitrobenzene was modeled in a 20x20x20 A box to prevent interaction of periodic
repeats, and only the gamma point was sampled. Benzene exhibits adsorption to the Ag(111)
surface in eight high-symmetry configurations. As described by Saeys et al, benzene can adsorb
at bridge, top, HCP and FCC sites and can be rotated by 30° at each of these sites [56]. At four of
the eight configurations the nitro group can be situated over two distinct sites depending on the
carbon to which it is attached. To account for this variability, the position of the nitro group is
specified by a subscript at the end of each configuration’s name. The initial adsorption
geometries are shown in Figure 1c, and the bare Ag slab is shown in 1a and 1b.
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Figure 1. Top (a) and side (b) views of the 4x4 Ag (111) supercell and adsorption sites of
nitrobenzene on the Ag(111) surface (c). Red, blue, brown, white and gray spheres represent
oxygen, nitrogen, carbon, hydrogen and silver atoms, respectively.

The adsorption energy (Echem) Was calculated using the definition Echem = Eagng — Eag — En,
where Eagng, Eag, and Eng are the total energies of the Ag-slab with nitrobenzene, Ag-slab, and
isolated nitrobenzene, respectively. Acetonitrile solvent was modeled using the VASPsol implicit
solvation model with a dielectric constant (g) of 37.5, and the Debye length was set to 9.61 A.
Crystallographic figures were generated using the VESTA software [57]. The Bader program of
the Henkleman group was used to calculate electronic charges on atoms [58-61]. Bader charges
were visualized using OVITO [62]. VASPKIT was used to process the density of states data
[63]. Charged calculations were performed by adding electrons to the system using the NELECT
parameter. The number of additional electrons is denoted as Q. In this work, Q = 1-4 is studied.
A background charge was included via VASPsol to ensure neutrality of the system. The
adsorption energy of the charged structures (Echem) Was calculated using the definition Echem =



EagnNB +Ne — Eag + Ne — EnB, where Eagng, Eag, and Eng are the total energies of the Ag-slab with
nitrobenzene, Ag-slab, and isolated nitrobenzene, respectively and Ne denotes the number of
electrons added to the structure. On charged surfaces, adsorption energies are linearly
proportional to the inverse of the vacuum spacing between slabs (1/L) due to coulomb
interactions. To correct for this error, adsorption energies were calculated using vacuum spacings
of 20, 30, 40, 50, and 60 A and the results were extrapolated to the infinite vacuum (L—o0) [64].
The geometry of the 20 A structures was used to construct the 30, 40, 50, and 60 A structures.
Single point energies of the 30-60 A structures were calculated and used to determine adsorption
energies due to the cost of full geometry optimizations.

3. Results & Discussion

The DFT calculated values of Echem are presented in Table 1. For the twelve unique optimized
structures, the range in values of Echem 1s 0.16 €V, indicating a relatively flat potential energy
surface for nitrobenzene over the surface. Values cluster based on the adsorption sites, with the
preferred adsorbed geometries exhibiting the benzene ring and the nitro group centered over
HCP and FCC sites. The nitro group exhibited a stronger correlation with site preference than the
benzene ring, indicating the functional group plays a greater role in adsorption. In the
configurations denoted with asterisks, the nitro group was initially placed over a top site but
shifted to a hollow HCP site upon optimization. Configurations in which the benzene ring and/or
the nitro group are centered over HCP sites have adsorption energies ranging from -0.89 to -0.99
eV, whereas for top sites that did not optimize to HCP sites the range is -0.83 to -0.92 eV. The
HCP site preference is consistent with DFT calculations reported by Miller et al.** Images of all
optimized structures are shown in Figures S1-12 in the supporting information. Adsorption
energies for each structure were calculated without dispersion corrections to assess the degree to
which van der waals (vdW) interactions contribute to the strength of adsorption. Table S3 shows
that adsorption energies in the absence of dispersion corrections range from —0.09 eV to 0.03 eV,
indicating that nitrobenzene adsorbs to the Ag(111) surface primarily through physisorption.

Table 1

Calculated values of Echem (€V) and bond distances, d, (A) of modeled configurations of
nitrobenzene on Ag(111). Atoms labels are displayed graphically in figure 2c.

Configuration  Eem d(N-O) d(C-N)  d(C1-C2) d(C2-C3) d(C3-C4)
Isolated N/A 1.244 1.468 1.400 1.394 1.397

nitrobenzene in
implicit solvent

HCP 0° ucp -0.99 1.279 1.421 1.402 1.397 1.409
Bridge 0° top* -0.99 1.278 1.424 1.402 1.396 1.409
FCC 30° 1op* -0.99 1.276 1.424 1.402 1.396 1.408

HCP 30° gcc -0.98 1.276 1.428 1.402 1.396 1.408



FCC 30° ucp
FCC 0° fcc
Bridge 30° ucp
Bridge 0° nep
Top 30° uce
HCP 30° Top
Bridge 30° top
Top 0° Top

-0.98
-0.98
-0.97
-0.95
-0.92
-0.89
-0.88
-0.83

1.270
1.277
1.272
1.272
1.276
1.260
1.258
1.255

1.434
1.423
1.431
1.428
1.426
1.441
1.446
1.451

1.402
1.403
1.402
1.403
1.401
1.403
1.402
1.401

1.396
1.397
1.396
1.398
1.395
1.397
1.397
1.396

1.406
1.409
1.408
1.408
1.406
1.404
1.404
1.403

* The naming is based on the initial geometry of the adsorption configuration. In these
configurations, nitrobenzene optimizes to a different position, as shown in figures S1-12.
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Figure 2. Plots of Echem as a function of N-O (a) and C-N (b) bond lengths of adsorbed

nitrobenzene. Each configuration in table 1 is represented by a point on each of the graphs. The
numerical labeling of the atoms of nitrobenzene is presented in (c). Red, blue, brown, and white

spheres represent oxygen, nitrogen, carbon, and hydrogen atoms, respectively.

Also reported in Table 1 are key aspects of the optimized geometries for nitrobenzene on the
Ag(111) surface. Compared to the isolated molecule, all adsorption geometries show a



contraction of the C-N bond and an elongation of the N-O bond. Adsorption-induced changes in
bond distances correlate with values of Echem, as shown in Figure 2. For example, the HCP 0° uycp
and Top 0° 1op structures have Echem values and C-N bond distances of —0.99 eV and 1.421 A,
and —0.83 eV and 1.451 A, respectively.

Molecular-level details of the adsorption mechanism can be informed by the adsorption-induced
changes in charge density [65], Ap, defined as Ap = pAg/NB - pAg — pNB where pagng, pag, and
png are the charge density of the Ag-slab with nitrobenzene, Ag-slab, and isolated nitrobenzene,
respectively. For this visual analysis, the latter two quantities are calculated for the respective
components in the exact same geometry as in the chemisorbed system. To guide the
interpretation of Ap it is useful to visualize the electronic structure of the isolated nitrobenzene
molecule. Figure 3 shows the HOMO and LUMO of nitrobenzene solvated in implicit
acetonitrile. The LUMO has a bonding orbital along the C-N bond and antibonding orbitals
along the N-O bonds.

Figure 3. HOMO (left) and LUMO (right) of nitrobenzene. Red, blue, brown, and white spheres
represent oxygen, nitrogen, carbon, and hydrogen atoms, respectively. The yellow and blue
regions indicate phase.

The adsorption-induced C-N contraction and N-O elongation (Table 1) and the
bonding/antibonding characteristics of the nitrobenzene LUMO suggest that the molecule-
surface interaction involves electron donation from the Ag surface into the LUMO of
nitrobenzene. To confirm and visualize this, we calculate Ap for the HCP-0° xycp configuration,
which exhibits the most favorable value of Echem. Isosurfaces of Ap are shown in Figure 4, where
charge gain and charge loss are shown in yellow and blue, respectively.



Figure 4. Top (a) and side (b) views of the HCP-0° pcp configuration. Top (c) and side (d) views
of charge density difference plots of adsorbed nitrobenzene on the Ag(111) surface in the HCP-
0° nep configuration, where the yellow and blue regions denote charge gain and charge loss
arising from the adsorption process, respectively. The isosurface value is 6.3x10 A3,

The interpretation of Ap suggests that the nitro group and regions around the C1 and C3 carbon
atoms experience an increase in electron density upon adsorption, indicating partial occupancy of
the LUMO from surface charge transfer. Conversely, regions surrounding the C4 and the C2
carbons display a decrease in electron density. Notably, the shape of Ap isosurfaces for electron
density gain (yellow) near the oxygen atoms and the C1 atom resemble atomic p orbitals and are
directed along the surface normal, indicative of p-d hybridization with the surface.

The adsorption mechanism is further probed through Bader charge analysis, focusing on the most
and least favorable configurations (HCP-0° ucp and Top 0° top with Echem values of —0.99 end —
0.83 eV, respectively). The change in Bader charges resulting from adsorption (Aq) were
calculated using the equation Aq = qagnB - qag - qnB Where q has units of fundamental electric
charge and qagnB, qag, and qng are the Bader charges of the Ag-slab with nitrobenzene, Ag-slab,



and isolated nitrobenzene, respectively.

Figure 5. Aq of the HCP-0° ncp (a) and Top 0° top (b) configurations. Red and blue indicate an
increase and decrease in charge, respectively, as indicated by the color scale.

Aq is visualized in Figure 5. As shown by the Aq gradients, the adsorption-induced charge
transfer is localized around the nitro group, as was interpreted from the Ap plots (Figure 4).
Specifically, the C4 atom adjacent to N shows a notable decrease in charge. Away from the nitro
group, Aq values are smaller in magnitude. In comparing the two adsorption configurations, a
larger range of Aq is seen for HCP-0° ycp (Echem = -0.99 eV) relative to Top 0° top (Echem = -0.83
eV). As expected, the Ag atoms proximal to nitrobenzene show more significant changes in
Bader charge than the atoms further from molecule, with the Ag atoms beneath the nitro group
showing a loss in electronic charge. Table S4 in the supporting information reports Aq values for
all configurations.

Atom projected density of states (PDOS) was used to confirm the p-d hybridization between the p
orbitals of O and the d orbitals of the silver surface suggested by the Ap diagrams and Bader charge
analysis. Hybridization can be inferred from PDOS by the presence of intense peaks at common
energies for projections onto different atomic states. In Figure 6, we plot the Ag d PDOS of the
bare Ag(111) surface (left) and the O p of the free nitrobenzene (right). The central panel shows
the adsorbed system with the oxygen p and Ag d PDOS plotted together. The three panels shown
in Figure 6 can be interpreted like an orbital energy diagram, with the isolated states on either side
and those of the adsorbed system in the middle. In the adsorbed system, it can be seen that the
oxygen p orbitals mix with the Ag d orbitals following adsorption, as evidenced in figure 6 by the
change in energy of oxygen atom p states to align with the silver d band. Using the orbital
interaction categorization of Hoffmann, the PDOS shows that there is a two orbital stabilizing
interaction, where the surface acts as an electron donor and the nitrobenzene as an acceptor [65].
Additionally, the LUMO downshifts in energy to straddle to fermi level. This is consistent with
the electron transfer to the LUMO seen in the Bader charge analysis and induced charge density



analysis. In an RFB, this p-d hybridization and the downshifting of the LUMO should facilitate
electron transfer across the interface.

Ag Slab (d) Adsurbed O (p) and Ag (d)  Nitrobenzene O (p)

Energy (eV)

Figure 6. PDOS (arbitrary intensity) of the d orbitals of Ag atoms and the p orbitals of O atoms
with the fermi level referenced to 0 eV (a). Since molecules do not have well-defined fermi
levels, the O 1s levels of the free and adsorbed oxygen atom of nitrobenzene were compared to
ensure that nitrobenzene’s PDOS panel was correctly aligned with the adsorbed molecule’s
PDOS. Nitrobenzene’s PDOS plot was downshifted by 1.42 eV to correctly align the
nonbonding 1s orbitals. The Ag and O atoms selected in the PDOS analysis are highlighted (b).

Having detailed the adsorption mechanism through electronic structure analysis, our next
objective is to examine how small perturbations to the system influence the adsorption process.
Motivated by RFB function, we explore how the charge state of the molecule influences
interactions with the surface. This was studied by adding electronic charge (in integer values,
denoted Q, from 1-4) to the system [67, 68]. The overall calculation retains charge neutrality
through the screening charges provided by the polarizable continuum solvent model. The same
initial adsorption geometries were used to carry out DFT geometry optimizations at Q = 1, and
the total energies of the optimized structures were used to calculate values of Echem, presented in
table S5. Images of the optimized structures are shown in figures S13-24. Before correcting for
coulomb interactions, values of Echem range from -0.79 to —0.97 eV, slightly lower than for the
neutral structures (0.83-0.99 eV). Applying the shift in energy calculated for the Q=1 HCP-0° pcp
configuration due to long-range Coulomb interactions to all the structures, the adsorption



energies range from —0.92 to —0.74. Similar to the neutral adsorption system, HCP sites are the
most stable adsorption sites and top sites are the least stable.

Having determined that the HCP-0° ycp configuration remains preferred at Q = 1, we carry out
and compare charge density analysis using Bader charges for this structure at values of Q
ranging from 0 to 4. Figure 7 shows how the extra electrons are distributed by mapping Bader
charges onto the structure.

Figure 7. Difference in the Bader charges of the HCP-0° ucp configurations at Q = 1, 2, and 4 and
the same structure at Q = 0. Red and blue indicate an increase and decrease in charge, respectively,
as indicated by the color scale.

Upon adsorption, the additional electronic charge is distributed over the nitrobenzene-Ag(111)
system, including many subtle changes to individual Ag atoms. To track the charge state of the
adsorbate we define Xq, the sum of the individual Bader charges over all the atoms in the
adsorbed nitrobenzene. We calculate this value as a difference relative to the Q = 0 total and
denote this as AXq, reported in Table 2. Adsorption energies obtained using the Poisson-
Boltzmann countercharge distribution (table 2) were compared to those obtained using the
homogenous countercharge method, with results presented in table S6. The plots used to
extrapolate the adsorption energies to the infinite vacuum are presented in figure S25.

Table 2

Calculated values of Echem, (€V), sum of Bader charges relative to Q = 0 for the adsorbed
nitrobenzene, AXq (e), and key bond distances, d, (A) of the HCP-0° ycp configuration at Q = 0,
1,2, and 4.

Q  Eaem AXq d (O-Ag) d (N-0) d(C-N)  d(C3-C4)




0 -0.99 N/A 2.506 1.279 1.421 1.409
1 -0.90 0.18 2.521 1.288 1.411 1.412
2 -0.84 0.42 2.527 1.300 1.397 1.417
4 -0.85 0.88 2.842 1.312 1.372 1.428

As Q increases, contraction of the C-N bond and elongation of the N-O and C3-C4 bonds result.
Our interpretation of this result is that the excess electrons of nitrobenzene at Q > 0 occupy the
LUMO, causing the bond length changes. O-Ag bond distances show that nitrobenzene moves
further from the surface and adsorbs less strongly at higher values of Q, as seen in Figure 8.

Q=0 Q=1 Q=2 Q=4
2506A P © 2521 AP © 2527AY © 2842 A |

Figure 8. Adsorption geometries of the HCP-0° ycp configuration at Q =0, 1, 2, and 4. The
displayed bond distances indicate the distance between the oxygen and silver atoms connected
via the depicted bond.

By monitoring the behavior of nitrobenzene adsorption as a function of charge, we infer that as
the molecule forms a radical anion, it starts to desorb from the electrode. This would be desirable
behavior in an RFB, where the desorption of charged species makes room at the electrode
surface for neutral molecules to undergo reduction.

4. Conclusions

This study aimed to investigate the adsorption behavior of nitrobenzene on the Ag(111) surface
using DFT calculations. Results showed that at low coverage, the molecule adsorbs parallel to
the surface with the benzene ring and the nitro group centered over HCP and FCC sites. Various
charge density analyses were conducted to elucidate the adsorption mechanism. Ap diagrams
suggest p-d hybridization between the O atoms of nitrobenzene and the d orbitals of the Ag
surface, which was supported by Bader charge and PDOS analysis. Changes in bond length and
charge distribution were attributed to adsorption-induced charge transfer from the Ag surface to
the LUMO of nitrobenzene. By modeling the system with excess electron charge denstiy,
evidence of additional charge transfer to the LUMO was seen, ultimately leading to desorption.
The adsorption of neutral nitrobenzene and desorption of charged nitrobenzene present potential



benefits for RFBs. Coverage-dependant adsorption of nitrobenzene to the Ag(111) surface will
be the subject of a subsequent study with accompanying experimental data.
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