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ABSTRACT: Per- and polyfluoroalkyl substances (PFAS) are persistent environ-
mental contaminants found in groundwater sources and a wide variety of consumer
products. In recent years, electrochemical approaches for the degradation of these
harmful contaminants have garnered a significant amount of attention due to their
efficiency and chemical-free modular nature. However, these electrochemical
processes occur in open, highly non-equilibrium systems, and a detailed
understanding of PFAS degradation mechanisms in these promising technologies
is still in its infancy. To shed mechanistic insight into these complex processes, we
present the first constant-electrode potential (CEP) quantum calculations of PFAS
degradation on electrified surfaces. These advanced CEP calculations provide new
mechanistic details about the intricate electronic processes that occur during PFAS
degradation in the presence of an electrochemical bias, which cannot be gleaned
from conventional density functional theory calculations. We complement our CEP
calculations with large-scale ab initio molecular dynamics simulations in the presence of an electrochemical bias to provide time
scales for PFAS degradation on electrified surfaces. Taken together, our CEP-based quantum calculations provide critical reaction
mechanisms for PFAS degradation in open electrochemical systems, which can be used to prescreen candidate material surfaces and
optimal electrochemical conditions for remediating PFAS and other environmental contaminants.

KEYWORDS: PFAS, constant-electrode potential, electrified surfaces, defluorination, density functional theory

1. INTRODUCTION surface of the electrode. More specifically, at the electrode—
electrolyte interface, PFAS molecules interact with both the
electrode surface and the solvent. This interface (by definition)
is an open, non-equilibrium thermodynamic system that
exchanges matter and energy with its surroundings and
facilitates electrochemical reactions driven by the potential
difference between the electrodes and the electrolyte. Due to
the inherent complexity of these electrochemical processes, a
detailed understanding of PFAS degradation mechanisms in
these complex environments is scarce and still in its
irlfancy.13_16 For example, the choice of electrode material,
electrolyte composition/concentration, temperature, and ex-
ternal bias are all experimental conditions that can be modified,
but it is not obvious which combinations of these parameters
are optimal for PFAS degradation. Moreover, since the entire

Per- and polyfluoroalkyl substances (PFAS) are synthetic
compounds with strong C—F bonds that endow them with
exceptional chemical and thermal stability. Because of this
intrinsic stability, PFAS have been used in a variety of
consumer products, such as packaging materials, nonstick
cookware, stain-resistant fabrics, surfactants, and firefighting
foams.' ™ Due to their widespread use, PFAS contaminants
have now been detected in soil/water sources worldwide and
can bioaccumulate in the food chain. The persistence of these
environmental pollutants is particularly concerning, since
chronic exposure to even low concentration levels has been
associated with adverse health effects. Because of their
environmental persistance and toxicity, finding efficient
approaches to eliminating these contaminants is essential.
Among the various oxidation/reduction processess_11 used

for PFAS remediation, electrochemical approaches have Received: December 20, 2024 {VROMMTETTAL
waieiin [T115)

garnered particular attention due to their efficiency and Revised:  January 23, 2025
chemical-free modular nature.'” In these electrochemical Accepted:  January 24, 2025
processes, an external bias voltage is applied to an electrolytic Published: February 3, 2025
solution of PFAS contaminants, which facilitates electron
transfer and subsequent PFAS degradation on the electrified
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electrochemical system is under an external bias, conventional
density functional theory (DFT) in its standard formulation
(discussed further below) cannot be used, since the system is
open and driven far from equilibrium.'” To shed mechanistic
insight into these electrochemically induced processes, we
present the first constant-electrode potential (CEP) quantum
calculations of PFAS degradation on electrified surfaces. The
application of CEP quantum calculations to electrochemically
induced PFAS degradation is particularly novel since tradi-
tional DFT methods are inherently constrained to a fixed number
of electrons and cannot capture realistic electrochemical
conditions where there is a facile exchange of electrons with
the electrode. Our CEP calculations go beyond this limitation
by modifying the conventional DFT formalism to allow
electrons to be freely supplied/removed from the system (via
the electrode potential), which accurately simulates a realistic
electrochemical interface. This approach allows us to simulate
the true grand-canonical thermodynamic ensemble of elec-
trons, capturing the critical Fermi-level fluctuations that govern
the complex reactivity in these electrochemical systems. We
describe our approaches for simulating these complex, non-
equilibrium processes, followed by a variety of analyses and
real-time dynamics that explain the underlying mechanisms of
the electrochemically induced degradation process. Finally, we
conclude with a discussion and summary of our results, with
additional perspectives on future applications of our CEP-
based techniques that can have a broad impact on electro-
chemical degradation of PFAS.

2. METHODS AND MATERIALS

We investigated PFAS degradation reactions in the presence of
a constant-electrode potential (CEP)"® using a locally modified
Vienna Ab initio Simulation Package (VASP)'??° code with
the VASPsol”"** implicit solvation model. In the CEP model,
density functional theory””** (DFT) calculations with varying
numbers of electrons are iteratively carried out for the entire
chemical system in the presence of an implicit electrolyte. It is
worth emphasizing that these CEP calculations go beyond the
conventional canonical DFT formalism since the entire system
is open (ie., a grand canonical thermodynamic system), and
the total number of electrons in the system is iteratively
adjusted until the Fermi level, E, converges to the applied
electrode potential, U (in volts). A solution for the CEP system
is obtained when the following expression is self-consistently
satisfied:

—Ep — ¢SHE
e (1)

where ¢gyp = 4.6 €V is the work function of the standard
hydrogen electrode (SHE) as calculated with the Perdew—
Burke—Ernzerhof (PBE)”* functional in the VASPsol model,
and e is the elementary charge. We used a 0.01 eV convergence
criterion for the electrolyte-referenced Fermi level to solve eq 1
self-consistently.

We investigated a protonated PFOA (C,F;sCOOH)
molecule adsorbed on an electrode surface, which was
modeled with a 4-layer, S X S Cu(111) slab. The Cu(111)
surface was specifically chosen for our studies since Cu is one
of the most widely used transition metal catalysts (due to its
abundance and low cost), and the Cu(111) surface is one of
the most well-studied metal surfaces in both experimental and
theoretical studies.”® We also carried out additional calcu-

U=
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lations with larger slabs and verified that the S X § Cu(111)
slab used in our work was sufficiently large enough to give
accurate results. The PFOA molecule was adsorbed on the
Cu(111) surface in the lowest-energy “flat” configuration”’
where the plane of the carbon backbone is parallel to the
surface. To avoid spurious interactions between the adjacent
chemical species in repeated supercells, a ~ 25 A vacuum
spacing was used along the surface normal. In the remainder of
this work, we denote this supercell as PFOA/Cu(111), which
has 1,850 valence electrons. Both static (i.e., single point/
structural relaxation) and molecular dynamics®® DFT simu-
lations were carried out with periodic boundary conditions
under a fixed electrode potential with projector augmented-
wave (PAW) pseudopotentials.””*’ We used a Debye length of
3.0 A in the VASPSol package, which corresponds to a bulk
electrolyte with a 1 M concentration of monovalent cations
and anions and a relative permittivity of the solvent of 80 for
water at ambient conditions. The dispersion-corrected PBE-
D3’' functional with a 520 eV cutoff energy was used for the
plane-wave expansion. The optimized structure of PFOA/
Cu(111) is illustrated in Figure S1. The Brillouin zone was
sampled with a 2 X 2 X 1 Monkhorst—Pack mesh; the
electronic energy and forces were converged to within 1 X
107% eV and 0.02 eV/A, respectively. During the simulations,
the bottom layer of the Cu electrode was held fixed at the
optimized bulk structure. The ab initio molecular dynamics
(AIMD) simulations were performed at 300 K with the Nose-
Hover thermostat.*”

3. RESULTS AND DISCUSSION

Using the optimized supercell geometries depicted in Figure
S1, we carried out CEP ionic-relaxation and AIMD calculations
for several values of the applied bias to study PFOA
degradation dynamics on the electrified electrode surfaces.
3.1. PFAS Degradation Mechanisms on Electrified
Electrode Surfaces. We explored a wide range of applied
anodic(+)/cathodic(—) voltages (spanning from —3 to +3 V)
with respect to the SHE, and Figure S2 shows the optimized
structure of the PFOA/Cu(111) supercell from these CEP
ionic-relaxation calculations. Figure la plots the converged
total number of electrons, N, (left vertical axis, empty circles),
and Fermi level, E (right vertical axis, filled circles), for the
CEP ionic-relaxation calculations for PFOA/Cu(111) as a
function of the applied electrode potential. At 0.0 V, the CEP-
optimized geometry (illustrated on the lowest snapshot of
Figure 1a) shows a minor structural deviation from the initial
PFOA/Cu(111) geometry (see Figure Sla,b) However, when
+1.0 V is applied, the plane of the carboxyl (—COOH) group
rotates and moves the carbonyl oxygen/hydroxyl group closer
to/farther from the surface plane (see Figure S2b). This
positive voltage effectively reduces N, by almost 3 electrons to
1846.9 ¢~ and shifts E; downward to —7.8 eV. At a potential of
+2.0 V, the carbonyl oxygen forms a bond with the copper
surface, and the hydroxyl group dissociates. The liberated
hydrogen atom subsequently binds to an on-top site on the
Cu(111) surface (see Figure S2d). Further increasing the
potential to +3.0 V effectively removes nearly 17 electrons
from the neutral reference system and triggers the migration of
the hydrogen atom to a hollow site on the Cu(111) surface
(see Figure S2f). Apart from this deprotonation reaction, no
additional degradation pathways for PFOA were identified at
potentials up to +3.0 V. Increasing the potential beyond this
limit results in extremely difficult convergence of the CEP
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Figure 1. (a) Total number of electrons, N, (left vertical axis, empty
circles), and Fermi level, E; (right vertical axis, filled circles), vs the
applied electrode potential. The three structures in panel a depict the
optimized geometries of the PFOA/Cu(111) supercell obtained from
the constant-electrode potential ionic-relaxation calculations at
applied biases of —3.0, 0.0, and +3.0 V. (b and c) Bader charge
analysis for PFOA in the structurally optimized PFOA/Cu(111)
supercell at applied biases of 0.0 and —3.0 V, respectively. The PFOA
geometries are identical to those shown in panel a. The numbers on
the atoms show their Bader net atomic charges (in units of ¢). To
simplify the visualization, the charges on the backbone F (gray) atoms
(approximately —0.6 ¢) are not displayed because they do not differ
significantly between panels b and c. The atoms are denoted by the
following coloring scheme: white for H, brown for C, red for O, gray
for F, and blue for Cu.

calculations since the depletion of electrons creates a large
positive charge in the periodic cell, which is unphysical. Our
findings are also consistent with several experimental studies
showing that oxidation processes at positive applied voltages
can be less efficient than reduction processes (which occur at a
negative applied bias) for degradation of PFAS."*™'¢

Turning our attention to negative voltages, panels ¢, e, and g
of Figure S2 show that the carboxyl group plane in PFOA
rotates in the opposite direction compared to the geometries
obtained under positive voltages. As shown in Figure la,
negative biases result in more electrons introduced into the
PFOA/Cu(111) supercell (compared to the zero-bias state
with N, = 1850.0 ¢”), which accelerates PFOA defluorination
via excess electrons in this reductive process. This phenom-
enon also manifests itself in the increasing Fermi level as the
voltage is decreased, as shown in Figure la. We observed no
significant structural changes in PFOA for voltages more
positive than —3.0 V; however, at this critical value of the bias,
the CEP ionic-relaxation simulations show the dissociation of a
C—F bond located at the C2 carbon (carbon-atom numberings
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in this work, i.e., C2 or C6, are denoted by their distance from
the carboxyl headgroup); see structure on the middle left side
of Figure la. This agrees well with previous experimental
findings that indicate C—F bond cleavage occurs at potentials
close to —3.0 V.'"?>**

To further understand the effects of applying a negative
potential to the system, we carried out a Bader charge
analysis®>*® for the PFOA/Cu(111) system at 0.0 (N, =
1849.8 ¢7) and —3.0 V (I, = 1856.9 ¢”). This analysis reveals
that approximately 68% (~4.8 ¢) of the 7.1 additional
electrons in the cell at —3.0 V are retained within the Cu(111)
surface slab, while about 32% (~2.3 ¢7) are transferred to
PFOA. Panels b and c of Figure 1 show the results of the Bader
charge analysis for the PFOA/Cu(111) system at applied
electrode potentials of 0.0 and —3.0 V, respectively. The
numerical labels on each atom denote their Bader net atomic
charges, which are determined by the difference between the
number of valence electrons and the Bader population
associated with that atom. At 0.0 V, the nearly neutral PFOA
consists of 15 negatively charged F atoms (—0.6 e) on the
carbon backbone. In contrast, the carbon atoms have charges
ranging from +1 to +1.8 e and are connected to a carboxyl
group with negatively charged oxygen atoms and a + 0.5 e-
charged hydrogen atom. This analysis reflects the well-known
partial ionic character of the C—F bond where the high
electronegativity of fluorine creates a partial positive and
negative charge on C and F, respectively. Upon application of a
negative voltage of —3.0 V, dramatic changes occur within the
PFOA molecule. The positive charge on the H atom decreases
to +0.1 ¢ as it gets closer to the surface. Moreover, the C2
carbon atom experiences a significant decrease to +0.3 ¢, and
the external voltage leads to cleavage of the C2—F bond. As a
result, a negatively charged fluoride ion (F~) is released from
the molecule and migrates into the surrounding electrolyte
solution.

To understand the electronic mechanisms of the C—F
dissociation process in the presence of an applied bias, we used
the Crystal Orbital Hamilton Population (COHP) analysis in
the LOBSTER®” software package. In the COHP formalism,
bonding, nonbonding, and antibonding interactions are
identified for pairs of atoms in a given structure, and the
integrated value of the crystal orbital bond index (ICOBI)
equals the chemical bond order. The upper panel of Figure 2
depicts the evolution of the C2—F bond length (R¢_p, left
vertical axis) and the total number of electrons (right vertical
axis) throughout the 750 ionic steps of the CEP ionic-
relaxation calculation at —3.0 V. The lower panels of Figure 2
report the projected crystal orbital Hamilton population
(pCOHP) bonding analysis of the C2—F bond at six different
lengths (denoted as filled blue circles on the bond length vs
ionic steps curve) as a function of energy. For each bond
length, the value of the chemical bond order is reported under
the associated pPCOHP curve in which the Fermi level (E) lies
at zero eV, and the left (blue)/right (green) sides are the
antibonding/bonding distributions, respectively. At the first
ionic step (Rc_g = 1.367 A and N, = 1850.0 ¢”), the bond
order of 0.80 indicates a weaker bond compared to a pure
single bond with an order of 1.0. This suggests that the bond is
less stable and more susceptible to breaking under the applied
bias as the ionic relaxation simulation progresses. In the
associated pCOHP curve, the presence of C—F antibonding
states near the Fermi level signifies electronic instability within
the system. At the 100th ionic step (Rc_p = 1.612 A and N, =

https://doi.org/10.1021/acs.estlett.4c01130
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Figure 2. Evolution of the C2—F bond, indicated by the dashed red line on the PFOA structure (top). C—F bond length (left vertical axis) as a
function of the number ionic steps during the CEP ionic relaxation calculation at —3.0 V. The black curve plots the total number of electrons (right
vertical axis) in the PFOA/Cu(111) supercell during the same simulation. Projected crystal orbital Hamilton population (pCOHP) bonding
analysis for the C2—F bond at six different lengths (filled blue circles on the top red curve) (bottom). The left (blue) and right (green) sides of the
COHP curves denote the antibonding and bonding distributions, respectively; the bond order of the C2—F bond is reported at the bottom of the

figure.

1855.9 ¢7), the bond order has significantly decreased to 0.49,
indicating a further weakening of the bond. The pCOHP plot
shows that this bond weakening is accompanied by an increase
in antibonding interactions below the Fermi level. While the
antibonding states vanish at the Fermi level by the 125th ionic
step (Rc_p = 2460 A and N, = 1856.7 ¢7), the electronic
instability persists. This persistence is attributed to the
presence of populated antibonding states, which gradually
diminish as the simulation progresses toward the 150th step
(Re_p = 3.868 A and N, = 1856.8 ¢7). At this point, the bond
order reaches zero, signifying a complete bond dissociation.
Elongation of the C2—F bond during the ionic relaxation
process leads to the complete depletion of occupied
antibonding states. By the final ionic step (Rc_p = 6.494 A
and N, = 1856.9 ¢”), the Fermi level in the pCOHP curve
resides within a gap between the bonding and antibonding
regions, which signifies a stable nonbonding state for the C2—F
bond in the system.

3.2. Real-Time PFAS Degradation Dynamics on
Electrified Electrode Surfaces. While the previous CEP
ionic-relaxation calculations provide mechanistic information
into the PFAS degradation process, they only give a single,
time-independent snapshot of the degradation process near an
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equilibrium structure at zero Kelvin. To provide a time-
dependent picture of the degradation dynamics, which also
accounts for temperature effects, we carried out computation-
ally intensive CEP AIMD simulations of PFOA degradation on
the Cu(111) surface. These AIMD simulations inherently
explore a broader configurational and energetic landscape for
the PFAS degradation process, whereas the CEP ionic-
relaxation calculations are constrained to an initial geometry
and can only explore configurations near the local energy
minimum. Using the same PFOA/Cu(111) structure shown in
panels a and b of Figure S1 as an initial geometry, CEP AIMD
calculations were carried out at —3.3 V for a duration of 1,307
fs. The Supporting Information provides a movie of the
degradation dynamics of PFOA/Cu(111) and panels a and b
of Figure 3 show the final decomposed structure of PFOA
obtained from our CEP AIMD calculations, The evolution of
all 15 C—F bonds in PFOA during the CEP AIMD simulation
is depicted in the inset of Figure 3c. At ~ 1250 fs, the C5—F
and C6—F bonds begin to stretch (by 35% and 73%,
respectively) until they effectively dissociate, leading to the
release of F atoms from the molecule and migration into the
surrounding electrolyte solution. It is worth mentioning that
we also carried out conventional AIMD calculations (which
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Figure 3. (a) Snapshot of the PFOA/Cu(111) supercell at the end (1307 fs) of the CEP AIMD simulation at —3.3 V. (b) Magnified view of the
PFOA molecule shown in panel a. (c) Evolution of the C5—F (red) and C6—F (black) bonds, which dissociate during the CEP AIMD simulation.
The atoms are denoted by the following coloring scheme: white for H, brown for C, red for O, gray for F, and blue for Cu.

only allows a fixed number of electrons due to its closed-
system nature) of PFOA on CU(111), and no bond
dissociation of any kind was observed. In contrast, our CEP-
based AIMD calculations clearly show the dissociation of C—F
bonds in PFOA at —3.3 V, which demonstrates the new
capability of the CEP approach for capturing electrochemically
induced bond-breaking processes.

Taken together, our quantum calculations corroborate
several previous experimental and computational observations
on PFAS degradation. For example, our CEP AIMD
calculations at —3.3 V naturally predict the dissociation of
the C5—F and C6—F bonds in PFOA, which were previously
identified as having the lowest bond dissociation energies in a
joint experimental/computational study (see Figure 3d of ref
38). In addition, our ionic relaxation simulations predict that a
C—F bond in PFOA dissociates at an applied external potential
of —3.0 V, which aligns well with experimental findings.*
Finally, our quantum calculations enable a Bader charge
analysis to predict the distribution of electrons in PFAS, which
provides insight into how charge is transferred to these
contaminants in electrified environments to enable subsequent
degradation reactions.

In conclusion, we have carried out the first constant-
potential simulations of PFAS reactions on electrified surfaces
to probe their degradation dynamics under realistic non-
equilibrium conditions. These advanced CEP calculations
provide new mechanistic details of PFAS degradation in an
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open system under an electrochemical bias, which cannot be
gleaned from conventional DFT calculations. Specifically, our
CEP calculations show that C—F antibonding states near the
Fermi level (i.e., the chemical potential of the system) emerge
when the system is placed under a negative bias. This
subsequently causes the C—F bond to dissociate until the
system reaches a stable nonbonding state where the bonding
and antibonding states of PFAS are energetically separated. To
provide time scales for this complex process, we also carried
out large-scale CEP AIMD calculations of PFOA degradation
on an electrified Cu(111) surface, which show that
defluorination occurs within 1,307 fs when the system is
placed under a negative bias of —3.3 V. Taken together, these
CEP calculations enable a new capability for predicting
reactions and time-resolved PFAS degradation mechanisms
under realistic, non-equilibrium, electrochemical conditions.
Specifically, our open-system quantum calculations enable
predictions of chemical reactivity and elucidate the effect of
external potentials on PFAS degradation on electrified surfaces.
Moreover, these predictive CEP approaches hold immense
promise for prescreening candidate material surfaces and
predicting optimal electrochemical conditions/biases to guide
experimental efforts in remediating PFAS and other emerging
environmental contaminants. For example, our computational
approach can facilitate the exploration of alternative electrode
materials such as boron-doped diamond (BDD), lead oxide
(PbO,), and tin oxide (SnO,) to provide mechanistic insight
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into PFOA oxidation and defluorination mechanisms on these
different surfaces. Additionally, our approach can also be used
to investigate the effect of electrolytes on PFAS degradation,
which can further be used to improve treatment processes.
Exploring all of these various aspects with our computational
approaches can assist PFAS researchers in rationally down-
selecting promising electrode materials and electrolytes to
enhance the efficiency of experimental degradation strategies.
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