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ABSTRACT: Hexagonal boron nitride (hBN) can photocatalytically oxidize and degrade 4 9 TS
perfluorocarboxylic acids (PFCA), a common member of the per/polyfluoroalkyl substance € :;';

(PFAS) family of water contaminants. However, the reaction mechanism governing PFCA 3,15 ey
activation on hBN is not yet understood. Here, we apply electronic grand canonical density !|*§%< AP, oFS
functional theory (GC-DFT) to assess the thermodynamic and kinetic favorability of PECA photo- Y. o9 ©
oxidative activation on hBN: C,F,,,;,COO~ + h* - C,F,,,;” + CO,. The oxidation of all PFCA 7

chains is exothermic under illumination with a moderate barrier. However, the longer-chain PFCAs \I;;

are degraded more effectively because they adsorb on the surface more strongly as a result of BN
increased van der Waals interactions with the hBN surface. The ability of hBN to act as a :
photocatalyst is unexpected because of its wide band gap. Therefore, we apply both theoretical and
experimental analyses to examine possible defects on hBN that could account for its activity. We find that a nitrogen-boron
substitutional defect (Nj), which generates a mid-gap state, can enhance UVC (ultraviolet C) absorption and PFCA oxidation. This
work provides insight into the PFCA oxidation mechanism and reveals engineering strategies to design better photocatalysts for
PFCA degradation.

KEYWORDS: perfluorocarboxylic acids (PFCA) degradation, photoelectrochemical reactions,
grand canonical density functional theory (GC-DFT), defect enginecring

Electrolyte

1. INTRODUCTION hBN is normally considered an electrical insulator, rather
than a photocatalyst, because of its wide band gap (~6.0 eV).
However, BN materials are now being studied to improve the
photocatalytic efficiency for water splitting and water treat-
ment. "™ Density functional theory (DFT) is one of the
useful tools that have been applied to study the photocatalytic
properties of hBN and design better catalysts. Wan et al.’
applied DFT to design high-performance carbon-doped porous
hBN for water treatment under visible light. Dorn et al.'’

Per- and polyfluoroalkyl substances (PFAS) are a variety of
fluorinated organic compounds widely used in everyday
products, such as food packaging, clothing, and furniture.
Their high stability provides resistance to heat, oil, stains,
grease, and water, but it unfortunately has an unintended
consequence: PFAS accumulate in the environment and are
harmful to human health.'! PFAS have been detected in

drinking water worldwide, with combined perfluorooctanesul- compared experimental and DFT-calculated solid-state NMR

fonic acid (PFOS) and perfluorooctanoic acid (PFOA) (SSNMR) spectra to elucidate the nature of edge defects on

concentrations in many places exceeding the US EPA’s lifetime exfoliated hBN nanosheets in solution. Weston et al.'" studied

health advisory of 70 ng/L.” Because of the strong C—F bonds the properties and stability of native point defects in hBN. The

in these molecules, they are persistent and hard to break down role of oxygen dopants in hBN for the photocatalytic

through chemical or biological processes. Effective catalytic degradation mechanism of CF;COOH (the shortest member

materials for degrading PFAS to harmless substances are of the PFCA family) was highlighted by Salavati-fard et al. in

urgently needed. their work using DFT."” In their work, a neutral simulation cell
Perfluorocarboxylic acids (PFCA, C,F,,,;COO7) are a was employed, which would keep the Fermi level of the O-

major class of PFAS contamination in drinking water, with doped surface in the conduction band, representing the

PFOA (C,F;sCOO~) being the most common one.> Among reaction condition where the electrons are excited to the

the decomposition methods that have been proposed to treat

PFOA, heterogeneous photocatalytic decomposition is an Received: March 7, 2022

attractive option because it requires relatively mild reaction Revised: ~ May 6, 2022

conditions and can use solar energy.’ We were recently part of Accepted:  May 9, 2022

a team that reported the unexpectedly high activity of Published: May 26, 2022

hexagonal boron nitride (hBN) for photocatalytic PFOA
degradation.”
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conduction band and proceed to participate in reduction
reactions. However, in this work, we focus instead on the
oxidation of PFCA by holes generated in the valence band of
hBN. To get a deeper mechanistic insight into previous
experimental observations of photo-oxidative PFCA degrada-
tion over hBN,* we investigated the role of photogenerated
holes on hBN under a different physical situation, where the
Fermi level is always kept near the edge of the valence band.

Chemical scavenger experiments in our previous work®
demonstrated that photo-induced holes play a primary role in
activating PFOA, as no degradation was observed in the
presence of hole-scavenging ethylenediaminetetraacetic acid
(EDTA). Scavenger experiments with superoxide dismutase
(SOD) and tertiary butyl alcohol (TBA) acting as superoxide
anions ('O,”) and hydroxyl radical (‘OH) scavengers,
respectively, showed that the degradation of PFOA is slowed,
but still occurs, in the absence of ‘O, and ‘'OH. This indicates
that ‘O,” and 'OH facilitate, but do not initiate, the
degradation mechanism.

Based on these observations,” we hypothesize that photo-
generated holes in the valence band of hBN activate the
deprotonated PFOA anion (C,F;sCOO~) through a one-
electron oxidation. Because PFCAs with different chain lengths
are detected in the degradation experiment,4 the PFOA
degradation mechanism most likely proceeds in a stepwise
decarboxylation cycle via a cleavage of the C—C bond."
Therefore, we propose that the activation of PFCA at the
beginning of each cycle happens via oxidation of PFCA and the
cleavage of the —CF,—COO" bond (i.e,, C,F,,,;COO™ + h* —
C,F,,.1 + CO,). A schematic of this oxidation reaction is
shown in Figure la, where the initial state (IS) represents a
PFCA anion (C,F,,,,COO7; n = 1-7) approaching the hBN
surface. Under illumination, holes created in the hBN valence
band oxidize C,F,,,,COO™ to generate an unstable perfluor-
ocarboxyl radical (C,F,,,;COO’) that rapidly dissociates in the
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Figure 1. (a) Schematic of the key oxidation reaction CF;CF,COO~
+h" — CF;CF, + CO, under illumination over hBN. hv is the energy
of photons required to generate photo-induced charge carriers. Under
illumination, electrons are excited to the conduction band (CB), and
holes are created in the valence band (VB). The holes can then
oxidize reactants near the semiconductor surface based on their
potential relative to the redox potential required for the oxidation
reaction (Ox). (b) Proposed oxidative mechanism of the PFOA
degradation reaction. Green color in the mechanism highlights the
focus of this work. Atoms in Pink: B, Purple: N, Green: F, Gray: C,
and Red: O
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aqueous environment, forming a perfluoroalkyl radical
(C,Fyny) and CO,. C,F,,.,; then proceeds to degrade
through established mechanisms,”'*™*" as shown in Figure
1b. C,F,,,; combines with ‘'OH to form a C,F,,,;OH alcohol,
which then undergoes favorable HF elimination to form an
unstable C,F,,0 fluoroaldehyde. This step is followed by
hydrolysis and the formation of the next shorter-chain PFCA
(ie., Cn_le(n_1)+1COO_), allowing the PFCA degradation
cycle to begin again.”'*~*' Zhang et al.”* explored this reaction
sequence using DFT and demonstrated that all steps after the
formation of C,F,,,; are feasible in solution (even in the
absence of a catalyst surface). Ellis et al.*’ established the
mechanistic sequence of HF elimination from perfluorinated
alcohols followed by hydrolysis to form shorter PFCAs. This
mechanism was supported in their work by the detection of
perfluorinated carboxylic acid fluorides (i.e., C,_;F,,_,CFO)
during PFCA degradation by '°F nuclear magnetic resonance
(NMR) analysis. Zhuo et al.”* used electrospray ionization
mass spectrometry (ESI-MS) to show that the electrolysis of
PFOA dissolved in H,('®0) on a Ti/SnO,-Sb-Bi electrode
forms C,F (**O)H from C.F,5 and '(**0O)H, followed by the
generation of C4F;;C(**O)F after HF elimination, and then
hydrolysis to produce C¢F,;C(**0)(**0)™. Thus, the reaction
mechanism following the formation of the perfluoroalkyl
radical (C,F,,,,) is well-established in the literature. The
formation of HF/F~ was also detected in our previous
experiments.” What remains uncertain in the photo-oxidative
mechanism for PFCA degradation on hBN is how the initial
oxidation step occurs, which is one of our focuses in this work.

Furthermore, in our previous study,’ we observed the
importance of defects within hBN for promoting its photo-
catalytic activity through diffuse-reflectance UV (DR-UV) and
Raman spectroscopies, and we found that ball-milling the
material improved its PFOA degradation activity." It was
hypothesized that defects in the hBN material are necessary for
its UVC light absorption and photo-degradation capability.
However, we still do not know what kinds of defects are
present and how they affect the PFOA degradation
mechanism. In addition, previous degradation experiments”
showed that shorter PFCA chains accumulate over time,
implying that it is harder to degrade short-chain PFCAs over
hBN.* Therefore, further investigation is needed to understand
this difference in behavior among PFCAs with different chain
lengths.

In this work, we apply theory to thoroughly examine
previous findings and hypotheses,* and to answer several
questions that remain unclear: Is the proposed photo-oxidation
mechanism feasible? Are there any thermodynamic or kinetic
limitations to the oxidation of the PFCA anion over hBN?
What is the effect of structural defects present in the
commercial hBN (used in the original experiments') on
PFOA degradation? Why do shorter-chain PFCAs degrade
more slowly and accumulate in the system? Theoretical insight
into these questions is critical not only for understanding the
superior photocatalytic activity of hBN but also for designing
better photocatalytic materials by introducing controlled
surface modifications that favor the PFCA activation
mechanism.

2. METHODS

Our general strategy in this work is to use DFT, as
implemented in the Vienna ab initio simulation package
(VASP 5.4.4),>*° to investigate the thermodynamic and

https://doi.org/10.1021/acs.est.2c01637
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kinetic feasibility of the PFCA oxidation reaction over
illuminated hBN. To determine thermodynamic feasibility,
we compute the band edge alignment of hBN and compare it
to the oxidation potential of PFCA, as well as calculate the
reaction energy of PFCA oxidation under illumination as a
function of the hBN surface charge density. To confirm the
accuracy of the computed band edge alignment of hBN, we
also apply ultraviolet photoelectron (UP) spectroscopy and use
a Tauc plot from the DR-UV data to experimentally determine
the valence band maximum (VBM) and band gap (E,) of hBN,
respectively. To determine kinetic feasibility, we calculate the
activation barrier for PFCA oxidation over the illuminated
hBN surface as a function of surface charge density. In
addition, we applied the Marcus theory’”*® to calculate the
electron transfer rate in the PFCA oxidation reaction.

We applied an electronic grand canonical density functional
theory (GC-DFT) formalism,””~>* which was developed in our
previous work™ to study photoelectrochemical reactions on
semiconductor surfaces, to calculate reaction energies and
barriers as a function of variable surface charge under
illumination. This approach allows one to model chemical
reactions under constant illumination or applied potential,
which is difficult in the usual canonical DFT formalism because
the work function of the electrode surface changes significantly
during the electron transfer reaction.”>*¢ In this approach, we
control the surface charge density by changing the total
electron number in the system to match the desired potential
of the semiconductor. The VASPsol implicit solvation scheme
maintains charge neutrality in the simulation cell by placing
implicit counterions in the electrolyte to screen charged
species.”¥>> For each reaction energy or kinetic barrier
reported here, the initial state (IS), transition state (TS), and
final state (FS) have the same number of electrons in their
respective unit cells, but electron transfer takes place between
the surface and the PFCA molecule during the reaction. This
induces a change in the hBN surface charge density, which is
influenced by the size of the photocatalyst surface model. For
this reason, we applied models with increasing cell size (4 X 4,
6 X 6,and 8 X 8 hBN) to extrapolate the energetics to those of
an infinite surface model. In this limit, the change in surface
charge density during the reaction is negligible, allowing us to
determine the converged reaction energetics at a constant
surface charge density.

After establishing the behavior of the pristine hBN material,
we investigate the effect of defects present in commercial hBN.
We apply X-ray photoelectron spectroscopy (XPS) to
characterize the composition and nature of defects present in
the material and then use DFT to assess how these defects can
affect the PFCA degradation mechanism. The DFT settings,
the calculation details, and the experimental method are
discussed in detail in the Supporting Information (SI).

3. RESULTS AND DISCUSSION

3.1. hBN VB Edge Position versus PFCA Oxidation
Potential. We first examine the thermodynamic favorability of
PFCA oxidation by comparing the computed PFCA oxidation
potential to the VBM of hBN (Figure 2a—c). A reaction with a
less positive oxidation potential than the VBM position (i.e., an
oxidation potential above the VBM position on the band
diagram in Figure 2) is exergonic. We calculate the oxidation
potential referenced to the standard hydrogen electrode
(SHE)*® for both the formation of a perfluorocarboxyl radical
(e, CF;CF,CO0 (o) + h" — CF;CF,COO0 (), black solid
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Figure 2. Calculated redox potentials for the reactions:
CF;CF,CO07 ) + h* = CF;CF,CO0 () (black solid horizontal
lines), CF;CF,COO0™ () + h" = CF;CF, () + COyy (blue solid
horizontal lines), OH () + h" = 'OH,, (red dotted line), and
Oyaq) € = 037 (g (orange solid line) and their positions relative
to the band edge alignment of a 4 X 4 hBN surface that is (a)
implicitly solvated, (b) in vacuum (no solvation), and (c) explicitly
solvated. An RMSE error bar of 0.2 V is depicted on the redox
potential of all the reactions to reflect the error associated with the
redox potential calculations, as benchmarked in the Supporting
Information. (d) Band diagram of hBN measured via experiment. The
black dotted line shows the approximated range of defect states. (e)
Side view of the explicitly solvated 4 X 4 hBN surface model. (f) Top
view of the network of water molecules formed in the explicitly
solvated system. The gray cell shows the size of one 4 X 4 surface
model. Atoms in Red: O, white: H, Pink: B, Purple: N

horizontal line in Figure 2a—c) and the simultaneous
formation of a perfluoralkyl radical and carbon dioxide (i.e,
CF3CF2COO_(aq) +h" - CF3CF2‘(aq) + COZ(g), blue solid
horizontal line in Figure 2a—c). The calculation details for
computing standard redox potentials are discussed in the
Supporting Information. The results show that a much more
positive potential is required to form the perfluorocarboxyl
radical (2.18 Vi) compared to the perfluoroalkyl radical and
CO, (1.15 Vggg). This indicates that the dissociation of the
perfluorocarboxyl radical (CF;CF,COOQ’) into the perfluor-
oalkyl radical (CF,CF,) and CO, is favorable. The redox
potential of CF;CF,COO™(,q) + h" = CF;CF,CO0 ) lies
close to the VBM of hBN when the system is treated with or
without implicit solvation (the black solid line in Figure 2a,b,
respectively), with the difference falling within the simulation
RMSE of 0.2 V (Figure S3). This suggests that the oxidation
of PFCA by a photogenerated hole on hBN is thermodynami-
cally feasible. We also calculate the band edge alignment with
one explicit water layer added to each side of the hBN model
(Figure 2e,f) and find that the VBM of explicitly solvated hBN
lies at a more positive position than the PFCA oxidation
potential (Figure 2c). This further confirms the thermody-
namic feasibility of PFCA oxidation from the aspect of band
edge alignment. In addition, the generation of ‘'OH and ‘O,~
from the oxidation of OH™ and reduction of O,, respectively, is
also favorable, given the band edges of hBN, which straddle the
calculated oxidation potential of OH™ (E° (OH/OH"™) = 1.12
Vgup, red dotted line in Figure 2a—c) and the calculated
reduction potential of O, (E° (0,/'0,7) = —0.51 Vg, orange
solid line in Figure 2a—c). ‘OH also could be generated b7y a
series of thermodynamically favorable reduction reactions’” of
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Figure 3. (a) Reaction free energy of CF;CF,CO0™ ) + h" = CF;CF, (,) + COy(,g) as a function of surface charge density of the IS and FS over
4 X 4,6 X 6,and 8 X 8 simulation unit cells. The blue dotted lines represent the reaction energy as a function of IS surface charge density, and the
red dotted lines refer to the reaction energy as a function of FS surface charge density. A thicker line represents a larger simulation cell. The
relationship between the reaction energy (AG) and the IS surface charge density (6,) is predicted by fitting a quadratic polynomial (the black solid
line) using the data from both 6 X 6 and 8 X 8 systems within the range of o, from 5 to 15 uC cm™ The insets show the geometries of the IS and

9

ES. (b) Free energy of activation of the reaction CF3CF,COO7(,q) + h* = CF;CF, () + COy(,q) as a function of the surface charge density of the
IS and TS over 4 X 4, 6 X 6, and 8 X 8 unit cells. The relationship between the activation energy (G,) and IS surface charge density (6 ) is
predicted by fitting a quadratic polynomial (the black solid line) using the data from both 6 X 6 and 8 X 8 systems within the range of o, from 5 to
15 uC/cm? The inset shows the structure of the TS in a 4 X 4 system. Atoms in pink: B, purple: N, green: F, gray: C, and red: O.

‘0,” over hBN (ie, O,” + e~ + 2H' —» H,0,, E° (0,7/
H,0,) = 0.93 Vg, pH = 7;°** H,0, + ¢~ — OH + OH™, E°
(H,0,/'OH) = 0.30 Vg, pH = 7°7°%). Thus, all these species
would be available under illumination to complete the reaction
mechanism shown in Figure 1b. The experimentally measured
hBN band diagram (especially the VBM, which matters in
determining the thermodynamic favorability of the oxidation
reactions) compares well with our calculation result (Figure
2d). The details of the experiment are described in the
Supporting Information (Figure S5). A similar method can be
used to assess the hBN photo-degradation performance for
other PFAS, such as PFOS and GenX [ammonium perfluoro-
(2-methyl-3-oxahexanoate)], and a detailed discussion is
provided in the Supporting Information. (Figure S6).

3.2. Explicit Calculation of PFCA Oxidation Energy
and Barrier over hBN. Although we have proved the
thermodynamic favorability of PFCA oxidation after hBN is
photoexcited and holes are generated, the VBM of hBN can
change based on surface charge density, and a more rigorous
way to determine the reaction feasibility is to include the hBN
surface in the simulation model when calculating the reaction
energy and the activation barrier over the catalyst surface
explicitly. Therefore, we further confirm the thermodynamic
favorability of PFCA oxidation by computing the explicit
reaction free energy for PFCA oxidation reaction on hBN
(Figure 3a). Applying the same GC-DFT formalism from our
previous work™ on a 4 X 4 hBN cell (the rightmost blue
dotted line in Figure 3a), we find that the PFCA oxidation
reaction to form a perfluoralkyl radical and CO, is favorable for
positive surface charge densities higher than 12.5 4C cm™ in
the IS (this IS surface charge density corresponds to the
presence of one hole on the 4 X 4 hBN surface). The oxidation
reaction becomes more favorable when the surface charge
density is increased as more holes are present on hBN. The
reaction is unfavorable in the absence of a hole on hBN (1.61
eV), as the excess electron in the PFCA anion (—1.0 ¢) is not
transferred to the hBN surface, resulting in the formation of
the unstable CF,CF,~ species in the FS. This is further evident
from the comparison of the density of states (DOS) of neutral
hBN surface before (IS) and after the reaction (FS) shown in

8945

Figure S7, which demonstrates that the Fermi level (taken
herein to mean the energy of the highest occupied state)
increases from the VBM in the IS to a high-energy mid-gap
level generated by the under-coordinated CF;CF,™ species in
the FS. Intuitively, this underscores the importance of photo-
induced holes on hBN for driving PFCA oxidation.

The size of the simulation cell influences the change in the
surface charge density that occurs when a fixed number of
electrons is transferred to the surface during the PFCA
oxidation reaction. We model the oxidation reaction on larger
6 X 6 and 8 X 8 cells to investigate the effect of the simulation
cell size and to obtain size-converged reaction energies.
Extrapolation to an infinite surface model represents the
limit where the surface charge density remains unchanged
during the reaction, which is more representative of the large
experimental system. We plot the overall oxidation reaction
free energy as a function of the IS and FS surface charge
densities for 4 X 4, 6 X 6, and 8 X 8 simulation cells in Figure
3a. As expected, the relationship between the reaction energy
and the surface charge density in the larger simulation cell has
the same trend as in the 4 X 4 cell. The change in the surface
charge density from IS to FS during the reaction (ie., the
horizontal distance between the IS curve and the FS curve in
Figure 3a) decreases with increasing unit cell size. We also find
that the dependence of the reaction energy on surface charge
density varies more with respect to changes in the FS cell sizes
compared to the IS cell sizes. For 6 X 6 and 8 X 8 cells, the
reaction energies merge with respect to IS surface charge
densities. Therefore, we can use the merged data to predict the
reaction energy as a function of IS surface charge density to
extract the infinite surface limit. The relationship between the
reaction free energy (AG) and the IS surface charge density
(6,) is obtained by fitting a quadratlc polynomial within the
range of o, from S to 15 uC cm™ ? yielding AG = 0. 00110 -
0.0640, + 0.033. This range of surface charge den51ty is
physmally consistent with experiments,*”*’
charge density reported for BN nanoporous membranes and
transmembrane BN nanotubes has a magnitude between 7 and
16 uC cm™.

where the surface
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The dependence of the reaction energy on the IS charge
density is explained based on the position of the Fermi level in
cells with different sizes in the Supporting Information (Figure
S8). The convergence of the reaction energy with respect to
the cell size is similar to what was found in our previous work””’
investigating the HER reaction, where we found that reaction
energy computed as a function of the ES surface charge density
converged quickly.

Next, we calculate the activation barrier to investigate the
kinetic favorability of PFCA oxidation over hBN as a function
of the surface charge density (Figure 3b). The reaction barrier
is always less than 0.5 eV for the relevant surface charge
densities sampled on all three cell sizes. As expected, the
activation energy decreases with increasing surface charge
density. Similar to the reaction free energy results, we find that
the activation energy as a function of IS surface charge density
converges with respect to the cell size in the 6 X 6 and 8 X 8
surface models. Therefore, using the converged data, we fit a
quadratic polynomial to compute the infinite-cell reaction
barrier as a function of the IS surface charge density: G, =
0.0012(7q2 — 0.0580, + 0.66. The activation energy decreases
from 0.45 to 0.11 eV as the surface charge density increases
from S to 15 uC cm™2 These barriers are surmountable at
room temperature,”’ demonstrating that the one-electron
oxidation step is viable for PFCA activation.

We analyze the IS, TS, and FS in a neutral 6 X 6 system to
better understand the nature of the electron transfer process as
the PFCA is oxidized. Although the overall unit cell is neutral,
there is spontaneous charge separation between the molecules
and the surface (Figure S9). In the IS, the surface is positively
charged (+0.84 ¢, 6.8 uC cm™?) and the molecule is negatively
charged (—0.84 ¢). The surface charge density approaches zero
in the TS and FS (1.5 and 0.07 uC cm™2 respectively),
showing that the hBN surface accepts an electron from the
molecule during the reaction (Figure 4a—c). The DOS of each
state in Figure 4d—f shows that the Fermi level shifts to a
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Figure 4. Structure of (a) IS, (b) TS, and (c) FS of the oxidation
reaction in a 6 X 6 neutral system. The length of the C—C bond that
breaks in the reaction and the hBN surface charge density are listed in
the figure, showing structural change and charge transfer during the
oxidation reaction: CF;CF,CO07 (.o + h* = CF;CF, ;) + COyyq)-
Atoms in pink: B, purple: N, green: F, gray: C, and red: O. The DOS
near the VB edge of (d) IS, (e) TS, and (f) FS of the overall oxidation
reaction in a neutral 6 X 6 system. The vertical axis has units of V and
is referenced to SHE, and the DOS on the horizontal axis has the
units of states eV' cell™". The horizontal red solid line represents the
position of the Fermi level.
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higher energy going from the IS to the FS, showing that
electrons are transferred to the hBN surface during the
reaction. The surface charge density and the Fermi level of the
TS are much closer to those in the FS than those in the IS,
meaning that most of the electrons have been transferred from
the molecule to the hBN surface before the TS geometry is
attained. The length of the C—C bond that breaks in the
process is 1.55, 1.93, and 4.28 A in the IS, TS, and FS,
respectively (Figure 4a—c). This suggests that charge transfer
precedes the scission of the C—C bond and that the TS closely
resembles the CF;CF,COOQ’ radical. We also simulate the
dissociation of thls radical (i.e., CF;CF,COO’ (a) —
CF;CF,y oy + COz(aq)) in the absence of the hBN surface
The reaction is favorable by —1.4 eV and is barrierless, in
agreement with values computed by Zhang et al.>* for this
reaction using the MO06-2X functional with SMD solvation.
This suggests that the CF;CF,COO’ radical will dissociate
rapidly once the electron is transferred to the surface. Thus,
hBN plays an important role in facilitating PFCA oxidation by
extracting an electron from the PFCA anion, forming a radical
that undergoes spontaneous dissociation. Therefore, we
conclude that the PFCA oxidation mechanism consists of
two steps: (1) an electron transfers from CF;CF,COO" to fill
a hole present in the hBN VB and (2) the CF;CF,COO
rapidly dissociates to CF;CF, and CO,. We applied Marcus
theory””* (Figure S10) to calculate the electron transfer rate
of the outer-sphere electron transfer reaction:
CF;CF,CO0 7,y + *(+1 ¢) — CF;CF,CO0 () + *(0 ¢),
where * represents the 4 X 4 hBN surface in the aqueous
environment. We found that the electron transfer rate is 7.70 X
10° 57! (full calculation details are described in the Supporting
Information), demonstrating that electron transfer is fast.
Despite a distance of ~4.0 A between the head group of PECA
and the hBN surface, the electronic coupling between the two
is strong (ie, 0.004 eV) because the redox potential of
CF;CF,CO00™(,y + h" = CF;CF,CO0 () lies close to the
VBM of hBN (Flgure 2), which allows states in the VB band
edge to couple strongly to the highest occupied molecular
orbital (HOMO) of the PFCA. This strong coupling,
combined with a small reorganization energy, yield rapid
electron transfer between the PFCA anion and available VB
states in the hBN.

To better understand the characteristics of holes generated
on hBN, we also analyzed the partial DOS (PDOS) shown in
Figure S11 and found that the states at the VB edge of hBN are
mainly contributed by 2p orbitals of N atoms. This suggests
that the photogenerated holes would be delocalized across the
N atoms of hBN.

Having understood the oxidative degradation mechanism,
we next aim to examine why short-chain PFCAs do not
degrade efficiently in the experiments.” First, we compute the
oxidation potentials of PFCA anions with various chain
lengths. We find that the oxidation potentials do not depend
significantly on the PECA chain length (Figure Sa). Therefore,
the feasibility of the oxidation reaction step is not affected by
the chain length, and therefore, our choice of investigating a
short-chain PFCA is well justified in terms of the significant
reduction in computational expense. As the oxidation
feasibility does not explain the lower efficiency of hBN to
degrade short-chain PFCA, we investigate the adsorption of
PFCA with varying chain lengths on the hBN surface. Because
the PFCA oxidation reaction is a surface reaction with
adsorption being the first step of the PFCA degradation
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Figure 6. (a) Bls, (b) Ols, and (c) N1s XPS spectra of commercial hBN. The black solid lines represent the obtained spectra from the XPS
experiments. The fitted spectra are shown in the red solid lines. The spectra deconvolution results are displayed in the purple and green dotted

lines.

mechanism, the weak adsorption of reactants on the photo-
catalyst can impede the following photo-oxidation step. We
find that PFCA prefers to bind parallel to the hBN surface
compared to binding in a perpendicular fashion (Figure S12).
Because the main interaction between the PFCA (with charge
—1 e) and the neutral hBN (0 e) surface is van der Waals
(vdW), the parallel binding mode (with a greater total area of
interaction) is more favorable compared to the perpendicular
binding mode (via the head group). Similarly, the adsorption
of shorter-chain PFCA on hBN is less favorable because of the
weaker vdW interaction, as shown in Figure Sb. When hBN is
under illumination and is positively charged (+1 e), the
adsorption of the PFOA anion would be more favorable
because of the additional electrostatic interaction (shown as
orange data in Figure Sb). Thus, inducing positive charge on
the hBN surface can be an effective way to enhance the
degradation of short-chain PFCAs. We also tested the
adsorption of PFCA on the defects we identified in the
following section and found that the adsorption is not affected
much by the defects (Figure S13).

From the previous discussion, we found that hBN is an
extraordinary photocatalyst for PFCA degradation for several
reasons. First, the hydrophobicity of hBN enhances the
adsorption of the PFCA with long hydrophobic, fluorine-
saturated carbon-chain on the catalyst surface. Second, the
VBM of hBN lies at a more positive position than the PECA
oxidation potential (Figure 2). This confirms the thermody-
namic feasibility of PFCA oxidation from the aspect of the
band edge alignment. Third, the HOMO of PFCA lies close to
the VBM of hBN, yielding significant overlap of the donor and
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acceptor wavefunctions that promotes strong coupling that
increases the probability of electron transfer.

3.3. Influence of Defects on hBN Photocatalytic
Performance. The oxidative activation of PFCA by
illuminated hBN is exergonic with a surmountable barrier
under room temperature. However, the band gap of pristine
hBN (6.08 eV°) is too large to be illuminated under the 254
nm UVC light* (4.88 €V). Our original PFOA degradation
experiments employed a defective hBN material and suggested
the importance of surface defects for UVC adsorption and
photocatalytic activity of the hBN material.* For simplicity, we
used a pristine hBN surface for our theoretical calculations
presented above, while the experiments were carried out with
commercial hBN containing various defects. Therefore, it is
essential to understand how the results of our calculations
would be affected by the presence of the defects, which include
point defects and edges, on hBN. According to the theoretical
study reported by Weston et al,'' nitrogen-at-boron-site
substitutions (Ng) and oxygen-at-nitrogen-site substitutions
(Oy) are the most stable point defects under N-rich conditions
when the Fermi level is close to the VBM, which is the case
under the oxidizing conditions in our experiments. Besides
point defects, two kinds of edge defect configurations, that is,
zigzag (alternating B and N terminated edges) and armchair
(edges with alternating B and N atoms), might be present in
hBN and affect the photocatalytic process.'”*>** Dorn et al."’
compared the experimental and DFT-calculated solid-state
NMR (SSNMR) spectra and confirmed that both armchair
and zigzag edge termination are present on exfoliated hBN
nanosheets in aqueous solution. Therefore, we also consider
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Figure 7. (a) Calculated redox potentials for the reactions: CF;CF,CO07(,y) + h" — CF;CF,COO0 (black solid horizontal line),
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the reactions to reflect the error associated with the redox potential calculations, as benchmarked in the Supporting Information. The potential on
the vertical axis has the units of V and is referenced to SHE. Electron density difference plots of adsorbed (b) O, on a neutral 4 X 4 Ny defective
hBN surface and (c) CF;CF,COO™ on a 4 X 4 illuminated Ny defective hBN surface (charge state: +3 ¢). The orange isosurface represents
electron density depletion (positively charged) and the green isosurface represents electron density accumulation (negatively charged). The
isosurface level of charge accumulation and depletion is 0.01 ¢ A™>. Top view of the orbital image of the (d) mid-gap states (potential range —1.46
Vu to —0.79 Vg from Figure S14c) and (e) VB edge (potential range from 1.19 to 2.05 Vg, from Figure Sl4c) in a 4 X 4 neutral Ny defective
system. An isovalue of 0.03 ¢ A™> was used to generate the yellow isosurfaces of the electron density. Atoms in pink: B, purple: N, green: F, gray: C,

and red: O.

PFCA oxidation in the vicinity of zigzag and armchair edges of
hBN in this work.

We apply XPS to confirm the type of point and edge defects
present in the commercial hBN samples (used in our previous
experiments®). The deconvoluted Bls spectrum of hBN
(Figure 6a) shows peaks that are indicative of the B—N
(190.5 eV) and B—O (191.7 eV) bonds.*** In the
deconvoluted Ols XPS spectrum (Figure 6b), B—O (532.5
eV)* and B—OH (533.4 V)"’ bonds are also observed. The
existence of B—OH and B—O bonds suggests that the
commercial BN material has B—OH/B—O termination at the
edges. The B—O bonds might also correspond to oxygen
substitution defects at nitrogen sites (Oy), so both B—O bond
formation as edges and point defects are considered in our
models. Peaks of N—B (398.1 eV) and N—H (399.0 eV)
bonds™ are found in the Nls peak deconvolution results
(Figure 6¢c), suggesting the existence of an edge with N—H
termination in the commercial hBN as well. The average
atomic composition of the commercial hBN was determined to
be 45.4 +£ 0.3% B, 50.5 = 0.2% N, and 4.1 £+ 0.1% O, where a
higher content of N suggests the existence of Ny defects in the
commercial hBN. Thus, both our XPS data and the stability
analysis reported by Weston et al.'" indicate that Oy and Ny
defects likely are present in the commercial hBN. Also, the
XPS spectra suggest the existence of B—OH, B—O, and N—H
groups at the edge of commercial hBN, which is consistent
with the edge termination characterized by Dorn et al."’

We study the DOS of the 4 X 4 pristine hBN surface and the
4 X 4 defective hBN surface models with one Oy or Ny defect
to understand how these defects might affect the oxidation of
PFCA (Figure S14a—c). The Fermi level lies in the CB for the
neutral Oy surface (Figure S14b) and at a mid-gap state for the
neutral Ny surface (Figure S14c). The neutral defects will not
be stable in the aqueous electrolyte because the reduction
potentials of 0,/H,0 (123 Vgg*) and 0,/0,” (-0.51
Vgug) fall below the Fermi level of neutral Oy and Ny, defective
surfaces shown in Figure S14b,c. Electrons occupying the high-
energy CB or mid-gap states in the neutral defective systems
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would spontaneously flow into the aqueous electrolyte. Thus,
these defects will exist in a positive charge state with the Fermi
level shifted to the VBM position.

For hBN with Oy defects, the band edges, in particular the
VBM, (Figure S14b) are almost the same as those of pristine
hBN (Figure S14a), which suggests that the Oy impurities
would not affect the light absorption or the PFCA degradation
mechanism. The Ny defect also has a negligible effect on the
position of the VBM (Figure Sl4c), so the thermodynamic
feasibility of PFCA oxidation will not be affected. Ny generates
mid-gap states that enable the absorption of UVC light, which
otherwise is impossible in a large band gap semiconductor like
hBN. The energy gap between the mid-gap states and VBM is
2.8 eV for the Ny surface (Figure S14c), which is lower than
the energy of 254 nm UVC light (4.88 eV). We computed the
band edge alignment of the Ny defective hBN surface and
compared it with the redox potentials of the key reactions in
the reaction mechanism (Figure 7a). The VMB is the same as
that of pristine hBN (Figure 2a), and the position of the mid-
gap state (2.8 eV above VBM) was determined from the DOS
of the Ny defective hBN surface (Figure S14c). The energy
level of the mid-gap state generated by the Ny defects lies
above the reduction potential of 0,/0,” (=0.51 Vgyg)
(orange solid line in Figure 7a), and therefore, it is still feasible
to generate ‘O, to facilitate the PFCA degradation mechanism
after the oxidation step (Figure 1b).

We conducted an additional DFT calculation to confirm that
‘O,” can be generated through electron transfer from the mid-
gap state to O,, wherein we relaxed a O,/hBN-Ny geometry
and analyzed the redistribution of charge when O, approaches
the surface (for efficiency, the Perdew—Burke—Ernzerhof
(PBE)*° functional was used to relax the geometry, and the
strongly constrained and appropriately normed (SCAN)’!
functional was used to compute the charge distribution in the
relaxed geometry). When O, (0 e) is placed near a neutral Ny
defect in the hBN system, charge is transferred from the Ny
defect to the O, molecule (—0.4 ¢) (Figure 7b). We also
confirmed that holes from illuminated hBN with N defects
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Figure 8. (a) Structure of the hBN zigzag edge with N—H and B—OH termination in a charge-neutral state. The structures of the hBN armchair
edge (b) with N—H and B—OH termination in the charge-neutral state, (c) with both 3-coordinated B (B—N, B—O, and B—OH) and 4-
coordinated B (B—N, B—O, and 2 X B—OH) in the —1 e charged state (to account for the negatively charged 4-coordinated boron species), and
(d) with only 3-coordinated B (B—N, B—O, and B—OH) in the charge-neutral state. Respective DOS of these surfaces are shown in (e), (f), (g),
and (h) below each structure. The mid-gap states associated with the adsorbed hydroxide on the 4-coordinated boron site are noted in (g). The
potential on the vertical axis has the units of V and is referenced to SHE, and the DOS on the horizontal axis has the units of states eV~ cell™". The
horizontal red solid line represents the position of the Fermi level. Atoms in pink: B, purple: N, red: O, and white: H.

can oxidize CF;CF,COO~ (Figure 7c). The initial charge state
of the 4 X 4 Ny defect is +3 ¢ to simulate the illuminated
defective hBN surface where one photoexcited hole is present
in the VB. When CF,CF,COO~ (-1 e¢) approaches the
illuminated Nj surface, the electron from the anion is
transferred to the Ny surface spontaneously, followed by the
C—C bond scission to generate CF;CF, (0 ¢) and CO, (0 ¢).
(Figure 7c) The charge state of the Ny surface changes to +2 e
after electron transfer. The feasibility of the reaction shows that
N defects do not interfere with the photo-oxidative
degradation mechanism of PFCA.

The mid-gap states generated by Ny defects also are
beneficial for charge separation, as the mid-gap states are
localized on the Ny defects (Figure 7d) and holes in the VBM
are delocalized on the N atoms of the entire hBN surface
(Figure 7e). Thus, the recombination rate of the photoexcited
electrons and photogenerated holes would decrease in the
presence of Ny defects which trap electrons.”> Therefore, we
conclude that the Ny defect enhances photo-excitation in the
UVC region, as well as promotes charge separation, without
interfering with the oxidation of the PFCA molecule.
Introducing Ny defects would be a promising direction for
improving hBN catalysts.

We also examine the DOS of other possible point defects,
such as boron-at-nitrogen-site substitutions (By), nitrogen
vacancies (Vy), and boron vacancies (V)" (Figure S14d—f).
By and Vy surfaces have VBM positions higher than that of
pristine hBN (Figure S14a), which would make oxidation to a
perfluorocarboxyl radical (i.e., CF;,CF,CO0 () + h" —
CF3CF2COO'(aq)) unfavorable. Similar to the Nj defective
hBN, the Vy defective hBN has the same VBM as the pristine
hBN, and it also generates mid-gap states (3.3 eV above
VBM). Therefore, introducing Vyy defects would also help with
UVC light absorption (4.88 eV) and charge carrier separation,
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and thus can improve the photocatalytic activity of hBN
without interfering with PFECA oxidation.

Finally, we examine how the edge defects of hBN would
affect the PFCA oxidation. We chose our edge models based
on our XPS results reported above and the edge terminations
of solvated hBN reported by Dorn et al.'"’ Both the zigzag and
armchair edges of hBN were investigated. For the zigzag edge
saturated by the N—H and B—OH groups (Figure 8a), the
DOS (Figure 8e) is almost the same as that of pristine hBN
(Figure S14a), which indicates that the band edge alignment of
hBN would not be affected by the zigzag edge termination. For
the armchair configuration, two molecular edge terminations
were considered, that is, a N—H and B—OH termination
(Figure 8b), as well as a three- and four-coordinate B—OH and
B—O termination (Figure 8c). From the DOS of the edge with
a N—H and B—OH termination (Figure 8f), the band edge
positions are also close to those of the pristine hBN surface
(Figure Sl4a). This suggests that the thermodynamic
favorability of PFCA oxidation would also not be affected by
the presence of the N—H and B—OH terminated armchair
edges in the commercial hBN material. For the edge with a
four-coordinate boron featuring B—N, B—O, and 2 X B—OH
coordinations (Figure 8c), the VBM (Figure 8g) also is similar
to that of the pristine hBN surface (Figure S14a), where mid-
gap states are generated by the extra OH™ group at the four-
coordinate B site (Figure S15). However, the extra *OH~
group is readily oxidized to form 'OH by holes generated
under illumination, leading to the three-coordinate B site on
the surface (Figure 8d). We confirm this by computing the
oxidation potential to form ‘OH from the four-coordinated B—
OH site (i.e., *OH™ + h* —» 'OH + *), which is 0.89 Vg5 (see
the Supporting Information for calculation details) and lies
above the VBM shown in Figure 8g. Thus, it is thermodynami-
cally favorable for *OH™ to be oxidized by holes at the
armchair edge of hBN, which could be another source of OH
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in the PFCA degradation mechanism. After the oxidation of
*QOH, the three-coordinate B termination shown in Figure 8d
is formed, which has a VBM lower in energy (Figure 8h) than
that of the pristine hBN (Figure S14a). Therefore, the
presence of the B—OH and B—O terminated armchair edge
would not interfere with PFCA oxidation.

Overall, XPS experiments demonstrate the presence of edge
and point defects (i.e, Ny and Oy) in the commercial hBN.
We determined that the Oy point defect, zigzag and armchair
edge defects do not interfere with the favorability of PECA
oxidation. Ny and Vy point defects generate mid-gap states
that facilitate photo-excitation under UVC and promote charge
separation without interfering with the PFOA oxidation
reaction step. Thus, we predict that the performance of hBN
for photocatalytically degrading PFCAs can be maximized by
intentionally introducing Ny and Vy defects. Structural defects
can be introduced in synthesis or subsequent treatment.’
Numerous methods have been employed to induce point
defects in hBN, such as electron beam irradiation, solvent
exfoliation, ball-milling, N, plasma treatment, heat treatment,
etching, and other methods.”**~>* Our previous work found
that ball-milling can improve the photocatalytic performance of
hBN on PFOA degradation. Fu et al” reported that Vy
defects are introduced by the ball-milling process and the
activity of TiO,/hBN composites is also enhanced by ball-
milling. Ball-milling has been widely applied in industry to
grind materials to increase solid-state chemical reactivity.*®
Weston et al.'' found Ny defects, which already are present in
commercial hBN materials, to be more stable when the
material is synthesized under N-rich conditions. Chemical
vapor deposition also may be a good way to introduce more N
in the material during synthesis and has been used to dope
various atoms (ie, O, C, H, and so forth) in hBN.*’
Therefore, it is practical at scale to produce hBN with Vy and
Nj defects to achieve better photocatalytic properties.
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