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ABSTRACT: Halogenated antibiotics pose a great threat to aqueous ©0 ON ¢l _FLO i @C @B OPd
environments because of their persistent biotoxicity from carbon— AR . pig j*;’.‘ab

halogen bonds. Electrochemical reduction (ER) is an efficient . N 1)" $¢. ¢ (7 = —
technology for dehalogenation, but it still suffers from limited A T \" Y
efficiencies in breaking C—F bonds. Herein, we present a strategy to ! Ex "{ 4y

enhance C—F cleavage and promote detoxification by loading “CF Cleavage
benchmark palladium cathodes onto boron-doped carbon. This
improves the florfenicol (FLO) degradation rate constant and
defluorination efficiency by 1.24 and 1.05 times, respectively, and
improves the defluorination of various fluorinated compounds. The
cathode with optimal B content shows superior mass activity for FLO
degradation (1.11 mmol g~' Pd min~"), which is 5.9 times that of PdC  PUBC
commercial Pd/C and is among the best-reported cathodes. Notably,

the exclusive formation of the direct defluorination product (i.e., FLO-F) on Pd/B—C implies a higher intrinsic C—F cleavage ability
endowed by B doping. As revealed by experiments and theoretical calculations, boron modification enhances palladium binding and
induces stronger strain effects and higher electron density for surface palladium atoms, which boosts H* generation and reduces the
energy barrier for C—F cleavage. This study provides an effective cathode design strategy to enhance C—F activation, which may
broadly benefit the destruction and detoxification of fluorinated organics that are limited by sluggish C—F cleavage kinetics.
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B INTRODUCTION to retain H* via adsorption onto the surface and Pd—H bond
formation.”** Accordingly, Pd-based electrocatalysts, which
possess superior H* generation and storage capability, have
been regarded as one of the most effective cathodes for
dehalogenation.””*™** The exceptional dehalogenation effi-
ciency of Pd has also been further advanced through various
techniques, including facet engineering,26 defect construc-
.22 27 2 .
tion,” single-atom formation,”" coordination number manip-
.28 ) . 29,30

ulation,”™ second metal inclusion,
modulation.”’ However, most reported Pd-based cathodes,
although capable of complete dechlorination, have inadequate
efficiencies in breaking C—F bonds.”® This results in
considerable remaining antibacterial activity, which is mainly
attributed to the unbroken C—F bonds after the electro-

The extensive use of refractory antibiotics, especially
halogenated ones, poses a significant threat to human health
and the aquatic environment because of their persistent
antibacterial activity and biotoxicity from halogen—carbon
bonds.'~® Typical oxidation-based methods, although effective
for the removal of halogenated antibiotics,’ ~” may sometimes
produce more toxic by-products because of the generation of
halogenated by-products or the suboptimal efficiency in
cleaving the halogen—carbon bond.""™"” Accordingly, there is
an urgent need to create eflicient and clean approaches for
dehalogenation.

Electrochemical reduction (ER) is a cost-efficient and eco-
friendly approach that has shown remarkable effectiveness in
breaking halogen—carbon bonds and reducing antibacterial

and microenvironment

activity.'*™*° Direct electron transfer (DET) and atomic Received: November 15, 2024
hydrogen (H*) mediated indirect reduction are two major Revised:  January 28, 2025
dehalogenation mechanisms in ER.'”*" H* is considered more Accepted:  February 28, 2025

efficient due to a lower required overpotential and higher Published: March 11, 2025

Faradic efficiency.'®”” Palladium (Pd) is an exceptional
electrocatalyst for H* generation because of its superior ability
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reduction of fluor-chlorinated antibiotics. Consequently, the
deficient efficacy of the C—F bond cleavage is a critical
bottleneck to the effective detoxification of halogenated
antibiotics.

Breaking the C—F bonds is challenging because of the high
bond dissociation energy (BDE, >3500 kJ/mol),*” necessitating
the activation of these bonds by modulating the geometric and
electronic structures of Pd-based cathodes. Previous studies
have explored various approaches, including microbial
systems,”” aqueous electron-based photocatalytic reduction
systems,”* and contact-electrocatalytic systems,” to enhance
the C—F bond cleavage. However, these methods often face
limitations, such as low efficiency, high energy consumption,
and the formation of toxic by-products, which could be
potentially addressed by employing a Pd-based ER system.
Nevertheless, to the best of our knowledge, no Pd-based
cathodes have been specifically designed to boost the C—F
breakage. Element doping is a common method to tune the
electronic structure of electrocatalysts for a preferred reaction
route.’*”” The incorporation of boron (B) into Pd-based
cathodes, either by subsurface B modification into Pd lattice or
by anchoring Pd on a B-doped carbon support, has become an
attractive method to improve the performance of Pd-based
cathodes.”®™* B incorporation can induce the change of both
geometric structure (e.g., lattice expansion and strain effect)
and electronic structure (e.g, surface core-level shift, d-band
center downshift, and charge relocation) for Pd toward
enhanced electrocatalytic efficiency and selectivity.*’~*
Conseguently, higher efficiencies in formic acid dehydrogen-
ation,*** oxygen reduction,*®*” and ethanol oxidation,* and
enhanced selectivity for CO, electroreduction to formate*’ and
alkyne hydrogenations to cis-alkenes*® have been observed for
Pd-based cathodes with B modification. Additionally, since B
has a lower electronegativity than Pd,”> B atoms may act as
electron donors and thus incur higher electron density for
surface Pd atoms.*”*” The excess surface electrons may allow
more electron transfer to adsorbed fluorinated organics,
potentially causing stronger Pd—F interactions and weaker
C—F bonds for boosted C—F bond activation and breakage
efficiency. Furthermore, the reported B-induced Pd expansion
and the resulting enhanced catalytic performance further
highlight the potential of B-modified Pd cathodes for
improving C—F cleavage.*”*"*¥*#44%%% However, this
possibility remains unexplored in the existing literature. This
inspires us to explore whether B incorporation into Pd-based
cathodes can (i) enhance the C—F breakage performance, (ii)
provide a new C—F cleavage mechanism, and (iii) identify the
critical electronic and geometric properties induced by B
modification that facilitate C—F bond cleavage.

In this work, we aim to verify the hypothesis that B
modification on Pd-based cathodes can boost the C—F bond
cleavage for higher defluorination efficiency. Pd nanoparticles
anchored on both B-doped and undoped carbon supports were
fabricated as cathodes to compare their degradation and
dehalogenation, especially defluorination, efficiencies on
florfenicol (FLO, C;,H;,CLFNO,S), a representative toxic
halogenated antibiotic that is frequently detected in water
matrices and cannot be effectively destroyed by conventional
methods.””* Combining experiments and density functional
theory (DFT) calculations, we determined the C—F bond
cleavage mechanism and found higher FLO degradation and
dehalogenation performance for Pd cathodes with B
modification. This study provides an insightful design strategy
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for electrocatalysts that are targeted at facilitating the C—F
bond breakage toward the efficient defluorination of
halogenated antibiotics and other fluorinated organics.

B MATERIALS AND METHODS

Chemicals and Materials. Detailed information for the
materials and chemicals that were used in this study is
provided in Text SI.

Synthesis of Catalysts. B-doped carbon supported
palladium catalyst (Pd/B—C, also referred to as Pd/B(0.88)-
C when evaluating the role of B) with 4.35 wt % Pd and 0.88
wt % B doping (as determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES)) was prepared using
the methods that are optimized based on several previous
reports.”*”>" First, 1.0 g of carbon black and 5.0 g of H;BO,
were dispersed in 20 mL of ethanol. The mixture was stirred to
dry at 40 °C, ground for 30 min to obtain a uniform mixture,
and then heated for 2 h at 900 °C under an H,—N,
atmosphere to form B—C.

Afterward, 500 mg of the as-obtained B—C was dispersed
into a premixed solution, which contained 200 mL of methanol
and 115 mg of palladium acetate. The resulting aqueous
mixture was then stirred by mixing for 20 min, centrifugally
cleaned 3 times with methanol, and vacuum-dried overnight at
60 °C to form Pd/B—C. The homemade Pd/C (ca. 4.49 wt
%), which was prepared by the same method without H;BO;,
and commercially available Pd/C (ca. 10.00 wt %, noted as
Pd/C (com)) were used for comparison.

To explore the key role of B, two other amounts of H;BO;
(2 and 10 g) were used to fabricate B—C, which resulted in Pd
cathodes with two different B amounts (i.e., 0.58 and 0.71 wt
%), denoted as Pd/B(0.58)-C and Pd/B(0.71)-C, respectively.
Since the B content in the fabricated cathode slightly decreases
as H;BO; amounts increase from 5 to 10 g, a H;BO; amount
of 5 g is considered the optimum amount to fabricate cathodes
with the highest B content.

Characterizations of Catalysts. The morphology and
dispersion of Pd/B—C and Pd/C catalysts were characterized
by a JEOL JEM-2100F transmission electron microscopy
(TEM). A Thermo Scientific Escalab 250Xi X-ray photo-
electron spectrometer (XPS) was used to analyze the surface
electronic structures using monochromatic Al Ko radiation
(1486.68 eV). A Rigaku X-ray diffractometer (XRD) was used
to examine crystalline structures with a scan rate of 2° min™"
and a step size of 0.01°. Pd K-edge analysis was performed with
Si(311) crystal monochromators at the BL14W1 beamlines
using Synchrotron Radiation Facility (SSRF). Before the
analysis at the beamline, samples were pressed into thin sheets
1 cm in diameter and sealed using the Kapton tape film. The
X-ray absorption fine structure (XAFS) spectra were recorded
at room temperature using a four-channel silicon drift detector
(SDD) Bruker 5040. Pd K-edge extended XAFS (EXAFS)
spectra were recorded in the transmission mode. Negligible
changes in the line shape and peak position of Pd K-edge X-ray
absorption near-edge spectroscopy (XANES) spectra were
observed between two scans taken for a specific sample. The
XAFS spectra of these standard samples (Pd foil and PdO)
were recorded in the transmission mode. The spectra were
processed and analyzed by software codes Athena and Artemis.
The details for XAFS data processing and wavelet data
parameters are provided in Text S2. The chemical composition
of the prepared catalysts was analyzed with the aid of ICP-OES
(ULTIMA 2, HORIBA JY, FR). The specific surface area was
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Figure 1. (a) XRD patterns for freshly prepared Pd/B—C and Pd/C. Standard XRD peaks are indicated with vertical bars, according to JCPDS file
65—6174. (b) K-edge EXAFS spectra in R space for Pd/C, Pd/B—C, and references. (c) High-resolution XPS spectra of freshly prepared Pd 3d for
Pd/B—C and Pd/C. (d) Pd K-edge normalized XANES spectra of Pd/C, Pd/B—C, and references. EXAFS plots of k’.,y phase corrected Fourier
transform of experimental and fitted data for (e) Pd/C and (f) Pd/B—C. Pd K-edge wavelet transform contour plots of (g) Pd foil, (h) Pd/C, and

(i) Pd/B-C.

measured by the Brunauer—Emmett—Teller (BET) method
using ASAP 2020M+C. The signal of H* trapped by §,5'-
dimethyl-1-pyrroline-oxide (DMPO) (i.e, DMPO-H signal)
was detected by electron spin resonance (ESR) on a Bruker
model EMX-10/12 spectrometer. The zeta-potential was
measured by ZetaPALS. The hydrophobicity of the catalyst
surface was determined by the contact-angle measurement
(Kruss DSA100).

Electrochemical Reduction and Analysis. A CHI 760E
electrochemical workstation was employed for all electro-
chemical control and analysis. The electrocatalytic FLO
reduction was carried out in an H-type three-electrode reactor
(Figure S1), where the cathode and anode chambers were
separated by a Nafion 117 membrane. A carbon cloth (1 cm?)
with a catalyst layer on top was employed as the working
electrode. The catalyst layer was obtained by first completely
dispersing 2 mg of Pd/B—C, 2 mg of Pd/C, or a proper
amount of Pd/C (com) in a 0.5 mL solution that contained
0.125 mL of ethanol, 0.315 mL of water, and 60 uL of 5 wt %
Nafion solution to make the catalyst ink. Afterward, 250 uL of
the as-acquired catalyst ink was drop-coated onto a cleaned
and carbon cloth electrode and dried in an N, atmosphere at
room temperature. This resulted in a Pd loading of 43.5—49 ug
cm™? on the carbon cloth electrode. A graphite rod electrode
(¢ 6 X 120 mm?) and a Hg/Hg,SO, electrode served as the
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counter electrode and the reference electrode, respectively.
Various pH values were obtained using 0.2 M phosphate buffer
solutions.

For electrochemical characterizations (i.e., electrochemical
impedance spectroscopy (EIS), CV, and Cdl), a glassy carbon
(GC, ¢ = S mm) electrode with 10 uL of the catalyst inks was
employed as the working electrode.

The details for a typical run and the electrochemical
characterizations are provided in Text S3 and S4, respectively.

Analytical Methods. The FLO concentrations were
measured using high-performance liquid chromatography
(HPLC, SHIMADZU-LC20A), and the mobile phase was
methanol/H,O (48:52, v/v) with a flow rate of 1.0 mL min™".
The concentrations of 4-FP, OFX, PFOA, and S-fluorouracil
were all determined by HPLC. The degradation by-products of
FLO were identified by a HPLC-triple quadrupole linear ion
trap mass spectrometer (Shimadzu LC—20A Prominence/
MDS Sciex 3200 Q TRAP). The mobile phase was methanol/
0.1% formic acid (1:1, v/v) at a flow rate of 0.3 mL min™". The
concentrations of fluoride ion (F~) and chloride ion (CI)
were determined by an ion-chromatograph system (ICS-3000,
Dionex), and the mobile phase was 20 mM KOH with a flow
rate of 1.0 mL min~'. The acute toxicity with luminescent
bacteria was identified by a SPARK 10 M multimode
microplate reader (TECAN, Switzerland).
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Figure 2. (a) Nyquist plots of Pd/C and Pd/B—C. (b) Linear fitting of the capacitive properties of current density vs scan rate. (c) Concentration
profiles of FLO degradation on carbon cloth, Pd/C (com), Pd/C, and Pd/B—C. FLO degradation and released Cl~ and F~ on (d) Pd/B—C and
(e) Pd/C. (f) Comparison of mass activity for electrocatalytic reductive FLO removal (detailed experimental conditions in Table S7). Conditions
for (a): 0.1 M Na,SO, solution, Co (FLO) = 20 mg L™". Conditions for (c—e): 0.1 M Na,SO, solution, Co = 20 mg L™!, — 1.0 V vs SHE. For b—e:

Data are presented as mean =+ s.d. (n = 3).

Theoretical Simulations. Conformer search was per-
formed by combining Confab,”” crest,”® xtb,"*™>° Gaussian
16,°” and Molclus®® to find the most stable structure of FLO
(Figure S2 and Table S1) of FLO among ~60,000 possible
conformers in aqueous solution. Gaussian 16 was employed to
calculate bond dissociation energies (BDEs) and standard
reduction potentials (E°).>” All periodic first-principles
calculations were 5performed by the Vienna ab initio simulation
package (VASP). %60 The details for all theoretical simulations
are provided in Text SS.

Antibacterial Activity Measurements. The antimicro-
bial activity of FLO and its dehalogenation by-products were
evaluated according to their acute toxicities on lumlnescent
bacteria Vibrio fischeri that was resuscitated in advance.”’ In a
typical test, 20 uL of bacteria-containing solution was added
into 180 uL samples (10-fold-diluted), 2% NaCl solution
(negative control), or sterile water (blank control). The
resulting solutions were equilibrated for 15 min in a 96-well
plate at 22 °C. The bioluminescence levels of the samples,
negative control, and blank control were measured by a
multimode microplate reader (SPARK 10 M, TECAN,
Switzerland). The inhibition rates based on the changes in
luminescence intensity were calculated according to ISO
11348—3:2007. All tests were conducted in triplicate, and the

5811

average values with error bars (standard deviations) were
reported.

B RESULTS AND DISCUSSION

Characterization. The typical TEM images (Figure S3a,e)
demonstrate that Pd nanoparticles are well dispersed in both
Pd/C and Pd/B—C samples with average diameters of ca. 9.53
+ 1.30 and 7.42 + 1.26 nm, respectively. The smaller diameter
matches well with the higher full width at half-maximum
(FWHM) of the Pd(111) diffraction peak for Pd/B—C (Table
S2). The more uniform distribution of Pd nanoparticles in Pd/
B—C implies the advantage of employing B-doped carbon (B—
C) to anchor Pd nanoparticles.** As compared to those for Pd/
C, all major XRD diffraction peaks for Pd/B—C shift to smaller
angles (Figure 1a), suggesting the expansion of Pd lattice after
B doping.*® Consistently, Fourier transform EXAFS (FT-
EXAFS) analysis (Figures lef and S4) at the Pd K-edge
further confirms the higher average Pd—Pd distance for Pd/B—
C (2.749 + 0.011 A) than that for Pd/C (2.744 + 0.003 A)
(Table S3). The high-resolution TEM (HRTEM) images
(Figure S3c,g) also exhibit a larger average Pd(111) lattice
distance for Pd/B—C (0.232 nm) as compared to that for Pd/
C (0.228 nm).
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Figure 3. (a) DMPO spin-trapping ESR spectra of Pd/B—C, Pd/C, and Pd/C (com). (b) DFT calculated free energy profiles of H,O dissociation
on Pd(111)/C and Pd(111)/B—C. (c) CV spectra of Pd/C and Pd/B—C in 0.1 M Na,SO, solution (scan rate: 50 mV/s). (d) FLO degradation
rate constants on Pd/B—C and Pd/C under different -BuOH concentrations. Conditions for (d): 0.1 M Na,SO, solution, C,=20 mg L™, = 1.0V

vs SHE. Data are presented as mean + s.d. (n = 3).

As suggested by the best-fit parameters from EXAFS results
(Table S3), Pd—O coordination is absent in both Pd/B—C and
Pd/C, indicating that Pd mostly presents in nanoparticle
forms. Except for this similarity, the fitted EXAFS results of
Pd/C appear drastically different from those of Pd/B—C. Pd/
C exhibits only one predominant coordination (i.e., the Pd—Pd
coordination) with a higher coordination number (i.e., 7.7 +
0.5) than that for Pd/B—C (6.7 + 0.4). Notably, Pd/B—C
features a distinct coordination between Pd and C or B
(thereafter referred as Pd—C/B since the differentiation
between Pd—C and Pd—B coordination is unachievable
because of the similar bond lengths), which correlates with
the exclusive detection of the Pd—C/B peak in the Pd K-edge
wavelet transform contour plots of Pd/B—C (Figure 1b,g—i).
This implies the stronger interaction between Pd nanoparticles
and B—C, which is confirmed by the higher DFT simulated
binding energies between Pd and carbon supports with a
higher B content (Table S4).

As shown in Figure 1c, the high-resolution XPS peaks of Pd’
3ds/,/3d;/, doublets shift from 335.73/340.99 eV to 335.50/
340.76 €V after B modification. The red-shift of the Pd° core-
level binding energies implies that surface Pd atoms in Pd/B—
C would be in a more reduced state compared to those in Pd/
C (42), indicating a higher cathodic activity for Pd/B—C.
Consistently, DFT calculations suggest that Pd atoms at the
surface two layers gain more electrons following B incorpo-
ration (Table SS). Nevertheless, the similar peak locations of
high-resolution B 1s XPS spectra for B—C and Pd/B—C
(Figure SS) indicate that the excess electrons on surface Pd
atoms are not likely from B atoms. DFT calculations also find
that the change of Bader charge for B atoms is negligible
during the process of anchoring Pd on B and C (Table S5). To
elucidate the origin of the excess electrons, charge density
difference analysis was performed. As demonstrated by Figure
S6, B doping in the carbon support causes significantly more
electron loss from bulk Pd atoms during the process of
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anchoring Pd. This is consistent with the higher Pd white line
(WL) intensity of Pd/B—C in the XANES spectra (Figure 1d).
Meanwhile, a portion of the lost electrons is transferred to
surface Pd atoms, and the number of transferred electrons
increases with the B content (Table SS). Collectively, B doping
in the carbon support induces charge redistribution in Pd
nanoparticles during the process of anchoring Pd. This
facilitates greater electron transfer from bulk Pd atoms to
surface Pd atoms, thereby increasing the electron density of
surface Pd atoms. The results of specific surface area and
contact-angle measurements suggest that the pore structure
and hydrophobicity barely change after B incorporation
(Figures S7 and S8).

Electrocatalytic Performance of Cathodes. We first
evaluated the electrochemical properties for the prepared
cathodes in a solution containing 0.1 M Na,SO, and 20 mg
L™! FLO. As demonstrated by the Nyquist plots (Figure 2a),
the charge-transfer resistance (R,) for Pd/B—C (57.4 Q) is
smaller than that of Pd/C (94.6 Q), indicating a significantly
enhanced charge-transfer rate at the electrode/electrolyte
interface after B incorporation. The electrochemical double-
layer capacitance (Cg) was acquired by fitting the observed
capacitive currents at different scan rates. As shown in Figure
2b, the estimated Cdl for Pd/B—C (5 mF cm™2) is 5 times that
for Pd/C (1 mF cm™?). This suggests a larger electrochemical
active surface area (ECSA) and more active sites for Pd/B—C.
The electrochemical characterization without FLO is provided
in Figures S9—S11 and Table S6.

The electrocatalytic performance of FLO reduction and
dehalogenation on different cathodes, including Pd/B—C, Pd/
C, and Pd/C (com) with the same Pd loading and bare carbon
cloth, was evaluated at —1.0 V vs SHE (i.e., — 1.65 V vs Hg/
Hg,SO,). As shown in Figure 2¢c, Pd/B—C completely
degrades FLO within 90 min, and FLO degradation efficiencies
after 60 min of electrolysis and rate constants are of the order
of Pd/B—C (98.7%, 4.33 h™) > Pd/C (80.4%, 1.93 h™') >
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Figure 4. Charge density difference of *FLO on (a) Pd(111)/C and (b) Pd(111)/B—C. Red: charge accumulation. Green: charge depletion. The
isosurface value is 0.008 e A=3. COHP of C—F and Pd—F for (c) Pd(111)/C and (d) Pd(111)/B—C. Energy diagram of the adsorbed FLO and
defluorination (FLO-F) process on (e) bare surfaces and (f) H* preadsorbed surfaces.

Pd/C (com) (52.6%, 0.73 h™') > carbon cloth (12.5%, 0.15
h™"). The estimated mass activity (1.11 mmol g~' Pd min™")
and turnover frequency (TOF, 0.57 min~"), calculated by eq
SS for Pd/B—C are among the best for cathodic FLO
degradation in the literature (Figure 2f and Table S7). Pd/B—
C also exhibits the highest dehalogenation efficiency among
the four prepared cathodes (Table S8). The released F~ (0.56
mg L7', which is 52.8% as compared to complete
defluorination) after 120 min of reaction time is 105.1%
higher than that for Pd/C (Figure 2d,e). A control experiment
without FLO addition excludes the potential contribution of
the Nafion membrane or solution to F~ production.
Subsequently, we evaluated the effects of different factors
(i.e,, cathode potentials, initial FLO concentrations, and pH
values) on FLO dehalogenation using Pd/B—C (details
provided in Text S6, Figures S12 and S13, and Table S9).
Notably, the exclusive formation of FLO-F (FLO losing one F)
for Pd/B—C (Figures S14 and S15) implies a distinct
defluorination mechanism, which will be discussed in detail
later.

Mechanism Analysis of the Electrocatalytic Reduc-
tion. Role of H* and Direct Electron Transfer. Electro-
catalytic reductive dehalogenation is mainly achieved by both
direct reduction (i.e., direct electron transfer from the cathode
to the organics) and indirect reduction (ie., reduction of
organics by H*). To evaluate the contribution of direct
electron transfer on FLO reduction, we calculated the standard
reduction potential (E°) for FLO/FLO™ (eq S4 in Text S5.3).
Since E° for FLO/FLO™ (—2.03 V vs SHE) is more negative
than the potential we applied (i.e., — 1.0 V vs SHE), direct
electron transfer may not play an important role in FLO
reduction.

To probe H* generation, ESR measurements were
conducted, and the existence of H* is confirmed by the
observation of characteristic peaks of DMPO-H adducts
(Figure 3a).>! The peak intensities are in the order of Pd/
B—C > Pd/C > Pd/C (com), suggesting an enhanced H*
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generation efficiency after B doping. Consistently, DFT
simulations reveal that the Pd(111) surface loaded on boron-
doped carbon (thereafter referred as Pd(111)/B—C) has a
lower Gibbs free energy of activation (AG*) for H,0
dissociation (i.e., the reaction that generates H*, 0.95 eV)
than the Pd(111) surface loaded on undoped carbon
(thereafter referred to as Pd(111)/C, 1.05 eV) (Figure 3b).
The optimized configurations of all intermediates involved in
H,0 dissociation on Pd(111)/C and Pd(111)/B—C are
presented in Figures S16 and S17. To further differentiate
the generation of H species on cathodes, cyclic voltammetry
(CV) analysis was performed. As shown in Figure 3c, both Pd/
B—C and Pd/C feature the peaks of two H species: (i)
absorbed H* (H* ), with the peaks at —0.5 to —0.3 V, and
(ii) adsorbed H* (H*,4), with the peak at 0.05—0.25 V. By
comparing the peak intensities of these two H species, we can
conclude that H* ;, is the predominant H species for Pd/B—C,
and the generation of H* ;i and H* 4 on Pd/C is comparable.
Since only H* 4 is responsible for dehalogenation, the much
higher H* 4, peak for Pd/B—C as compared to that for Pd/C
suggests a significantly enhanced H* 4, generation efficiency,
which correlates with the significantly improved dehalogena-
tion performance after B incorporation.

To further evaluate H* contribution on FLO degradation,
tert-butyl alcohol (+-BuOH) was employed as the scavenger for
H*.%% As the +-BuOH concentration increases from 0 to 10.0
mM, the FLO degradation rate constants for Pd/B—C and Pd/
C decrease by 37.0 and 46.1%, respectively (Figure 3d).
Additionally, when a cathode with significantly lower Pd
loading (10 uL catalyst ink on GC) was used, the FLO
degradation efficiency dropped by over 60% at a t-BuOH
concentration of 10 mM (Figure S18). This highlights the
dominant role of *H in FLO degradation. Further evidence is
provided by the higher FLO dehalogenation efficiencies
observed in solutions with continuous H, feed and the lower
efficiencies in O,-saturated solutions (Figure S19). Collec-
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Figure S. (a) FLO degradation on cathodes with different B contents. (b) FLO degradation rate constants and dehalogenation efficiencies on
cathodes with different B contents. (c) DFT simulated H* binding energy and HER AG* on cathodes with different B content. (d) DFT simulated
FLO defluorination E, on bare and H* preadsorbed cathodes with different B content. (e) The defluorination of seven fluorinated compounds on
Pd/C and Pd/B—C. (f) Luminescence inhibition ratio for FLO dehalogenation products on Pd/C and Pd/B—C. Conditions: 0.1 M Na,SO,
solution; Cy = 20 mg L™; — 1.0 V vs SHE. Data are presented as mean + s.d. (n = 3).

tively, H* is the primary active species responsible for FLO
destruction.

DFT Simulations of the C—F Bond Cleavage. The exclusive
generation of FLO-F on Pd/B—C suggests a distinct
defluorination mechanism that may contribute to better FLO
degradation and defluorination performance. To get deep
insights into the defluorination mechanisms, DFT calculations
were performed to (i) study the electronic structure and
surface geometry change after B doping and (ii) simulate the
reaction from FLO to FLO-F on Pd(111)/C and Pd(111)/B—
C, including no H* and H* preadsorbed conditions. The
optimized configurations of intermediates involved in C—F
cleavage on Pd(111)/C and Pd(111)/B—C are presented in
Figures §20—S23.

DFT results suggest a larger Pd—Pd distance of surface Pd
atoms (i.e., a stronger strain effect) for Pd(111)/B—C than
that for Pd(111)/C (Table S10), indicating a possibly higher
activation of adsorbed FLO. As shown in Figure 4a,b, more
electrons are transferred to FLO molecules than are adsorbed
on Pd(111)/B—C (0.130 lel) as compared to that on
Pd(111)/C (0.10 lel). This correlates with the higher electron
density on surface Pd atoms of Pd(111)/B—C and suggests a
possibly higher activation of adsorbed FLO molecules.
Consequently, the C—F bond length of the adsorbed FLO
increases from 1.41 to 1.42 A, and the distance between the F
atom and the closest Pd atom drastically decreases from 3.24
to 3.07 A. This suggests a slightly weaker C—F bond and a
stronger interaction between the Pd and F atoms, potentially
leading to a more favorable defluorination reaction. To further
support this deduction, crystal orbital Hamiltonian populations
(COHP) for C—F and Pd—F were studied to evaluate the
interactions between F atoms and both Pd and C atoms
(Figure 4c,d). The more negative ICOHP value at the Fermi
level for Pd—F suggests strong interactions between Pd and F
atoms after B incorporation. A weaker C—F bond is also
confirmed from the less negative ICOHP value for C—F.
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The C—F cleavage of FLO on Pd(111)/B—C and Pd(111)/
C, considering both no H* and H* preadsorbed conditions,
was subsequently computed to explore the effects of B on FLO
defluorination kinetics. The activation energies (E,) of the C—
F cleavage reactions were lower on Pd(111)/B—C (no H*:
1.96 eV, with H*: 1.85 eV) as compared to those on Pd(111)/
C (no H*: 2.20 eV, with H*: 2.12 eV) for both conditions
(Figure 4e,f). This supports the faster defluorination kinetics
on Pd(111)/B—C. Notably, although H* can effectively
reduce the E, for C—F cleavage, the E, for defluorination on
Pd(111)/C for H* preadsorbed condition is still higher than
that on Pd(111)/B—C without H* adsorption. This implies
that B modification may endow Pd catalysts with H*-free
direct C—F cleavage ability in addition to the primarily
adopted H*-mediated hydrodefluorination mechanism.®® The
proposed FLO degradation pathway and related discussion are
provided in Text S7 and Figure S24.

Key Role of Boron. To further explore the crucial role of B,
we fabricated Pd cathodes with two other B content (i.e., 0.58
and 0.71 wt % B), denoted as Pd/B(0.58)-C and Pd/B(0.71)-
C, respectively, and compared their FLO dehalogenation
performance with those of Pd/B(0.88)-C (i.e., Pd/B—C) and
Pd/C. As presented, FLO degradation rate constants and
dehalogenation efficiencies both increase with B content
(Figures Sa,b and S25). The ESR spectra also demonstrate
that the generation of H* (i.e, the dominant dehalogenation
agent) increases with the B content (Figure $S26). DFT
calculations were subsequently performed to gain theoretical
insights into the crucial role of the B content.

One additional structure, containing twice the number of B
atoms as in Pd(111)/B—C, was constructed (denoted as
Pd(111)/B2—C). The related optimized structures are
provided in Figures S27—S29. The increased H* binding
energies with B content imply a better ability to retain H* on
cathode surfaces (Figure Sc and Table S11). Additionally, H,O
dissociation reactions exhibit lower AG* values for cathodes
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with higher B content (Figure Sc and Table S12), suggesting
enhanced H* production. The E, for FLO defluorination also
decreases with the B content on both no H* adsorbed and H*
preadsorbed surfaces (Figure Sd and Table S13), implying the
crucial role of B on defluorination enhancement. Notably, even
though fewer electrons are transferred to the adsorbed FLO
after the increase of the B content (Table S14), the distance of
Pd—F and E, of C—F cleavage still drops. This may be
attributed to a more facile activation of C—F stemming from
the larger Pd—Pd distance of surface Pd atoms (i.e., stronger
strain effect) (Table $10),"**”** which also correlates with the
smaller angles of major diffraction peaks for cathodes with a
higher B content (Figure S30). Collectively, increasing the B
content can effectively promote the generation and preserva-
tion of H* and induce a stronger strain effect for a boosted
FLO defluorination kinetic. This is consistent with previous
studies, which show that catalysts with higher B doping levels
generally exhibited improved catalytic performance (e.g, O,
reduction to H,0,* and H, production4o). Accordingly,
future studies focused on optimizing catalyst fabrication
methods to increase the B content are encouraged for further
enhanced defluorination kinetics. However, it is important to
note that increasing the B content may lead to higher costs or
potential mechanical instability of catalysts. As such,
fabrication methods should be carefully optimized to achieve
an optimal B content that ensures the best overall perform-
ance.

Defluorination of Other Fluorinated Compounds. To
explore the general applicability of Pd/B—C for defluorination,
seven additional fluorinated compounds, namely, 4-fluorophe-
nol (4-FP), ofloxacin (OFX), S-fluorouracil (S-Fu), perfluor-
obutanoic acid (PFBA), perfluorooctanesulfonic acid (PFOS),
(2H,2H,3H,3H)-perfluorononanoic acid (6:3-FTCA), and
perfluorooctanoic acid (PFOA) were selected as the target
pollutants to further validate the defluorination performance of
Pd/B—C. These compounds are all widely detected in water
matrices and cover various types of C—F bonds or fluorinated
structures including C—F bonds in aromatic bonds, C = C
bonds, and perfluoroalkyl substances (PFAS). As shown in
Figure Se, Pd/B—C demonstrates defluorination efficiencies
that are 30.8—118.9% higher than those of Pd/C for all seven
fluorinated compounds. This suggests the general applicability
of Pd/B—C as a superior cathode material for the
defluorination of various types of fluorinated compounds.
The low defluorination efficiencies of PFOA and PFOS may be
attributed to the strong binding of the C—F bond, resulting
from their low one-electron reduction potential and their
nature of negative charge because of low pK, (<0).%°
Generally, the negatively charged PFOA can barely reach the
cathode surface owing to electrostatic repulsion, which would
result in low PFOA degradation efficiency.

Toxicity, Durability, and Practical Applicability
Assessment. The inhibition ratio for luminescent bacteria
V. fischeri was employed as an indicator for antimicrobial
activity and toxicity during electrocatalytic FLO reduction.
After electrolysis, the remaining inhibition ratio for the Pd/B—
C-treated solution (2.1%) is lower than one-sixth that of the
Pd/C-treated one (13.3%) (Figure Sf). This confirms the
higher performance in reducing the antibacterial activity and
toxicity for Pd/B—C.

Sustaining robust durability is crucial for materials in
practical applications. Throughout 10 cycles of repeating
experiments (120 min each), Pd/B—C maintains stable
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efficiencies for FLO destruction and dehalogenation (Figure
S31). The FLO destruction, dechlorination, and defluorination
efficiencies in the tenth cycle still reach up to 98.5, 90.6, and
83.5%, respectively, as those in the first cycle. This suggests
prominent stability and reusability of Pd/B—C. Additionally,
the minimal Pd release further confirms the exceptional
stability (Figure $32). The increase of the Pd° content in the
XPS spectra after use also suggests the good durability of Pd/
B—C (Figure S33).

The effects of both CI~ (50, 100, and 200 mg L™") and
humic acid (HA) (1, S, and 10 mg L™") on ER processes were
also evaluated because of their wide distribution and known
scavenging effects. Only minimal inhibition was observed, even
at the highest concentrations of Cl~ and HA tested (Figures
S34 and S35). Additionally, the slightly reduced FLO
degradation performance in the presence of other common
ions (NO;-, HCO;-, and CO;*") and under O,-saturated
conditions further supports the robustness of Pd/B—C
(Figures S19 and S36). These findings suggest that Pd/B—C
demonstrates a strong stability and feasibility for practical
applications. To further validate this deduction, FLO
destruction by Pd/B—C in real-water matrices (tap water
and river water), which were spiked with 20 mg L™ FLO, was
tested. The water quality parameters are summarized in Table
S1S. After 60 min, the FLO destruction efficiencies in tap
water and river water are only 0.6 and 5.9% lower than that in
0.1 M Na,SO, DI water (Figure S37), respectively. The
preservation of most FLO destruction efficiencies in real-water
matrices indicates that Pd/B—C is a suitable cathode material
for FLO destruction in practical applications. Additionally, the
remarkably low energy consumption, with an electric energy
per order (EEO) of 0.20 kWh m™ for Pd/B—C, compared to
other FLO degradation processes, further highlights the
practical application potential (Table S16).

Environmental Implications. ER is a clean and efficient
technology to reduce the biotoxicity of halogenated antibiotics
by breaking carbon halogen bonds. However, detoxification is
largely hindered by the limited defluorination efficiency
because of the high BDE of C—F bonds. This work presents
an effective cathode design strategy to enhance C—F cleavage
by loading benchmark Pd cathodes onto B—C. Distinct from
the typical H*-mediated process, B doping improves the
intrinsic C—F breakage capability of the Pd cathode, as
evidenced by the exclusive formation of direct C—F cleavage
products (i.e., FLO-F) on Pd/B—C, leading to significantly
improved defluorination and detoxification efficiencies of
various fluorinated compounds. The increased electron density
and enhanced strain effects on surface Pd atoms, induced by B
doping, are identified as critical factors to reduce the energy
barrier for C—F cleavage and remarkably enhanced defluori-
nation. More importantly, these insightful findings could
inspire us to advance the cathode design that is tailored for
more efficient defluorination by strengthening these two
factors. Collectively, this study sheds light on cathode design
strategies for effective C—F bond cleavage, paving the way for
the efficient destruction and detoxification of fluorinated
organic compounds in aquatic systems.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.4c1263S.

https://doi.org/10.1021/acs.est.4c12635
Environ. Sci. Technol. 2025, 59, 5808—5818


https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c12635/suppl_file/es4c12635_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c12635/suppl_file/es4c12635_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c12635/suppl_file/es4c12635_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c12635/suppl_file/es4c12635_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c12635/suppl_file/es4c12635_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c12635/suppl_file/es4c12635_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c12635/suppl_file/es4c12635_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c12635/suppl_file/es4c12635_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c12635/suppl_file/es4c12635_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c12635/suppl_file/es4c12635_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c12635/suppl_file/es4c12635_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c12635/suppl_file/es4c12635_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c12635/suppl_file/es4c12635_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c12635/suppl_file/es4c12635_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c12635/suppl_file/es4c12635_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c12635/suppl_file/es4c12635_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c12635?goto=supporting-info
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c12635?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

Chemicals and materials; experimental setups; theoreti-
cal calculation methods; effects of various factors on
FLO degradation; degradation by-products; and addi-
tional DFT calculation results (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Victor Fung — School of Computational Science and
Engineering, Georgia Institute of Technology, Atlanta,
Georgia 30332, United States; Email: victorfung@
gatech.edu

Xiaojun Wang — CAS Key Laboratory of Urban Pollutant
Conversion, Institute of Urban Environment, Chinese
Academy of Sciences, Xiamen 361021, P. R. China,;
Email: xjwang@iue.ac.cn

Yongsheng Chen — School of Civil and Environmental
Engineering, Georgia Institute of Technology, Atlanta,
Georgia 30332, United States; © orcid.org/0000-0002-
9519-2302; Email: yongsheng.chen@ce.gatech.edu

Authors

Zefang Chen — School of Civil and Environmental
Engineering, Georgia Institute of Technology, Atlanta,
Georgia 30332, United States

Lin Du — CAS Key Laboratory of Urban Pollutant Conversion,
Institute of Urban Environment, Chinese Academy of
Sciences, Xiamen 361021, P. R. China.

Qingquan Ma — School of Civil and Environmental
Engineering, Georgia Institute of Technology, Atlanta,
Georgia 30332, United States

Shaohua Chen — CAS Key Laboratory of Urban Pollutant
Conversion, Institute of Urban Environment, Chinese
Academy of Sciences, Xiamen 361021, P. R. China.

John C. Crittenden — School of Civil and Environmental
Engineering, Georgia Institute of Technology, Atlanta,
Georgia 30332, United States; Crittenden and Associates,
Atlanta, Georgia 30319, United States; © orcid.org/0000-
0002-9048-7208

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.4c12635

Author Contributions

Z.C.: Designed the research, conducted experiments, analyzed
the data, and wrote the manuscript. L.D. and Q.M.: Conducted
experiments. X.W. and S.C.: Provided supervision and
important intellectual input. Y.C, V.F,, and CJ.: Provided
supervision and critical intellectual input and wrote the
manuscript. All the authors discussed and planned the study.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors sincerely appreciate the support from the Brook
Byers Institute for Sustainable Systems, Hightower Chair and
Georgia Research Alliance at the Georgia Institute of
Technology. This research was supported in part through
research cyberinfrastructure resources and services provided by
the Partnership for an Advanced Computing Environment
(PACE) at the Georgia Institute of Technology, Atlanta,
Georgia, USA. This work was also supported by Strategic
Priority Research Program of the Chinese Academy of
Sciences (XDA23030203), the Natural Science Foundation

5816

of Xiamen, China (No. 3502Z20227236), and the Fujian
Ocean Synergy Alliance (FOCAL) (No. FOCAL2023-0104).
The views and ideas expressed herein are solely those of the
authors and do not represent the ideas of the funding agencies
in any form.

B REFERENCES

(1) Khetan, S. K; Collins, T. J. Human pharmaceuticals in the
aquatic environment: A challenge to green chemistry. Chem. Rev.
2007, 107 (6), 2319—2364.

(2) Liu, H; Han, J; Yuan, J,; Liu, C; Wang, D; Liu, T.; Liu, M,;
Luo, J.; Wang, A,; Crittenden, J. C. Deep dehalogenation of florfenicol
using crystalline CoP nanosheet arrays on a Ti plate via direct
cathodic reduction and atomic H. Environ. Sci. Technol. 2019, 53 (20),
11932—11940.

(3) Ternes, T.; Joss, A.; Oehlmann, J. Occurrence, fate, removal and
assessment of emerging contaminants in water in the water cycle
(from wastewater to drinking water). Water Res. 2018, 72, 1-2.

(4) Yang, J.; Jiang, S. F; Hu, W. F,; Jiang, H. Highly efficient
electrochemical dechlorination of florfenicol by an ultrathin
molybdenum disulfide cathode. Chem. Eng. J. 2022, 427, No. 131600.

(5) Yang, L. M,; Chen, Z. L,; Cui, D.; Luo, X. B.; Liang, B.; Yang, L.
X.; Liu, T.; Wang, A. J; Luo, S. L. Ultrafine palladium nanoparticles
supported on 3D self-supported Ni foam for cathodic dechlorination
of florfenicol. Chem. Eng. ]. 2019, 359, 894—901.

(6) Martin, E. T.; McGuire, C. M.; Mubarak, M. S.; Peters, D. G.
Electroreductive remediation of halogenated environmental pollu-
tants. Chem. Rev. 2016, 116 (24), 15198—15234.

(7) Gémez, M. J.; Sirtori, C.; Mezcua, M.; Fernédndez-Alba, A. R;;
Agiiera, A. Photodegradation study of three dipyrone metabolites in
various water systems: Identification and toxicity of their photo-
degradation products. Water Res. 2008, 42 (10), 2698—2706.

(8) Yuan, F; Hu, C; Hu, X. X;; Wei, D. B; Chen, Y;; Qu, J. H.
Photodegradation and toxicity changes of antibiotics in UV and UV/
H,0, process. J. Hazard. Mater. 2011, 185 (2), 1256—1263.

(9) Tang, Z.; Kong, Y. F; Qin, Y. F; Chen, X. Q;; Liu, M.; Shen, L,
Kang, Y. M,; Gao, P. Performance and degradation pathway of
florfenicol antibiotic by nitrogen-doped biochar supported zero-valent
iron and zero-valent copper: A combined experimental and DFT
study. J. Hazard. Mater. 2023, 459, No. 132172.

(10) Yang, L. X; Chen, Z. L.; Ma, T. Z; Zhang, S. Q.; Dai, W. L,;
Xiao, X.; Luo, X. B; Zouy, J. P,; Tu, X. M,; Yang, L. M.; Luo, S.
Efficient electrochemical dehalogenation of florfenicol without
discharging toxic intermediates via direct electron transfer over
electrochromic WO;. Chem. Eng. J. 2021, 412, No. 127481.

(11) Mayer, B. K; Ryan, D. R. Impact on Disinfection Byproducts
using Advanced Oxidation Processes for Drinking Water Treatment.
In Applications of Advanced Oxidation Processes (AOPs) in Drinking
Water Treatment; Gil, A,; Galeano, L.; Vicente, M., Eds.; Springer,
2019; pp 345-386.

(12) Bagastyo, A. Y.; Batstone, D. J.; Kristiana, L; Gernjak, W.; Joll,
C.; Radjenovic, J. Electrochemical oxidation of reverse osmosis
concentrate on boron-doped diamond anodes at circumneutral and
acidic pH. Water Res. 2012, 46 (18), 6104—6112.

(13) Anglada, A.; Urtiaga, A.; Ortiz, I; Mantzavinos, D;
Diamadopoulos, E. Boron-doped diamond anodic treatment of
landfill leachate: Evaluation of operating variables and formation of
oxidation by-products. Water Res. 2011, 45 (2), 828—838.

(14) Lin, M. H; Bulman, D. M;; Remucal, C. K; Chaplin, B. P.
Chlorinated byproduct formation during the electrochemical
advanced oxidation process at Magneli phase Ti,O, electrodes.
Environ. Sci. Technol. 2020, 54 (19), 12673—12683.

(15) Singer, P. C. Control of disinfection by-products in drinking
water. J. Environ. Eng. 1994, 120 (4), 727—744.

(16) Florentin, A.; Hautemaniére, A.; Hartemann, P. Health effects
of disinfection by-products in chlorinated swimming pools. Int. J. Hyg.
Environ. Health 2011, 214 (6), 461—469.

https://doi.org/10.1021/acs.est.4c12635
Environ. Sci. Technol. 2025, 59, 5808—5818


https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c12635/suppl_file/es4c12635_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victor+Fung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:victorfung@gatech.edu
mailto:victorfung@gatech.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaojun+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:xjwang@iue.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yongsheng+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9519-2302
https://orcid.org/0000-0002-9519-2302
mailto:yongsheng.chen@ce.gatech.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zefang+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lin+Du"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qingquan+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shaohua+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+C.+Crittenden"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9048-7208
https://orcid.org/0000-0002-9048-7208
https://pubs.acs.org/doi/10.1021/acs.est.4c12635?ref=pdf
https://doi.org/10.1021/cr020441w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr020441w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b04352?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b04352?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b04352?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.watres.2015.02.055
https://doi.org/10.1016/j.watres.2015.02.055
https://doi.org/10.1016/j.watres.2015.02.055
https://doi.org/10.1016/j.cej.2021.131600
https://doi.org/10.1016/j.cej.2021.131600
https://doi.org/10.1016/j.cej.2021.131600
https://doi.org/10.1016/j.cej.2018.11.099
https://doi.org/10.1016/j.cej.2018.11.099
https://doi.org/10.1016/j.cej.2018.11.099
https://doi.org/10.1021/acs.chemrev.6b00531?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00531?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.watres.2008.01.022
https://doi.org/10.1016/j.watres.2008.01.022
https://doi.org/10.1016/j.watres.2008.01.022
https://doi.org/10.1016/j.jhazmat.2010.10.040
https://doi.org/10.1016/j.jhazmat.2010.10.040
https://doi.org/10.1016/j.jhazmat.2023.132172
https://doi.org/10.1016/j.jhazmat.2023.132172
https://doi.org/10.1016/j.jhazmat.2023.132172
https://doi.org/10.1016/j.jhazmat.2023.132172
https://doi.org/10.1016/j.cej.2020.127481
https://doi.org/10.1016/j.cej.2020.127481
https://doi.org/10.1016/j.cej.2020.127481
https://doi.org/10.1016/j.watres.2012.08.038
https://doi.org/10.1016/j.watres.2012.08.038
https://doi.org/10.1016/j.watres.2012.08.038
https://doi.org/10.1016/j.watres.2010.09.017
https://doi.org/10.1016/j.watres.2010.09.017
https://doi.org/10.1016/j.watres.2010.09.017
https://doi.org/10.1021/acs.est.0c03916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c03916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1061/(ASCE)0733-9372(1994)120:4(727)
https://doi.org/10.1061/(ASCE)0733-9372(1994)120:4(727)
https://doi.org/10.1016/j.ijheh.2011.07.012
https://doi.org/10.1016/j.ijheh.2011.07.012
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c12635?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

(17) Bagastyo, A. Y.; Batstone, D. J.; Rabaey, K; Radjenovic, J.
Electrochemical oxidation of electrodialysed reverse osmosis concen-
trate on Ti/Pt-IrO,, Ti/SnO,-Sb and boron-doped diamond electro-
des. Water Res. 2013, 47 (1), 242—250.

(18) Radjenovi¢, J.; Farré, M. J.; Mu, Y.; Gernjak, W.; Keller, J.
Reductive electrochemical remediation of emerging and regulated
disinfection byproducts. Water Res. 2012, 46 (6), 1705—1714.

(19) Wan, Q. H; Liu, R. X;; Zhang, Z. Y.,; Wy, X. D.; Hou, Z. W,;
Wang, L. Recent advances in the electrochemical defluorinative
transformations of C-F bonds. Chin. J. Chem. 2024, 42 (16), 1913—
1928.

(20) Zhang, D.; Tang, Y,; Liu, H; Wang, Z,; Liu, X,; Tang, H,;
Zhang, H; Wang, D.; Long, Y,; Liu, C. Electrocatalytic deep
dehalogenation and mineralization of florfenicol: Synergy of atomic
hydrogen reduction and hydroxyl radical oxidation over bifunctional
cathode catalyst. Environ. Sci. Technol. 2023, 57 (48), 20315—2032S.

(21) Mao, R;; Zhao, X.; Lan, H. C; Liu, H. J.; Qu, J. H. Efficient
electrochemical reduction of bromate by a Pd/rGO/CFP electrode
with low applied potentials. Appl. Catal, B 2014, 160-161, 179—187.

(22) Liu, R;; Zhao, H. C.; Zhao, X. Y.; He, Z. L,; Lai, Y. J.; Shan, W.
Y.; Bekana, D.; Li, G.; Liu, J. F. Defect sites in ultrathin Pd nanowires
facilitate the highly efficient electrochemical hydrodechlorination of
pollutants by H* ads. Environ. Sci. Technol. 2018, 52 (17), 9992—
10002.

(23) Jiang, G. M.; Lan, M. N,; Zhang, Z. Y,; Lv, X. S;; Lou, Z. M;
Xu, X. H; Dong, F.; Zhang, S. Identification of active hydrogen
species on palladium nanoparticles for an enhanced electrocatalytic
hydrodechlorination of 2,4-dichlorophenol in water. Environ. Sci.
Technol. 2017, S1 (13), 7599—7605.

(24) Lee, J. Y.; Lee, J. G.; Lee, S. H.; Seo, M.; Piao, L.; Bae, J. H,;
Lim, S. Y,; Park, Y. J; Chung, T. D. Hydrogen-atom-mediated
electrochemistry. Nat. Commun. 2013, 4 (1), No. 2766.

(25) Peng, Y. Y; Cui, M. Y;; Zhang, Z. Y,; Shu, S; Shi, X. L,
Brosnahan, J. T.; Liu, C.; Zhang, Y. L,; Godbold, P.; Zhang, X. M,;
Dong, F; Jiang, G. M,; Zhang, S. Bimetallic composition-promoted
electrocatalytic hydrodechlorination reaction on silver-palladium alloy
nanoparticles. ACS Catal. 2019, 9 (12), 10803—10811.

(26) Jiang, G. M,; Li, X. J.; Shen, Y.; Shi, X. L,; Lv, X. S.; Zhang, X.
M, Dong, F; Qi, G. X; Liu, R. Mechanistic insight into the
electrocatalytic hydrodechlorination reaction on palladium by a facet
effect study. J. Catal. 2020, 391, 414—423.

(27) Huang, D.; Kim, D. J.; Rigby, K.; Zhou, X.; Wu, X.; Meese, A.;
Niu, J.; Stavitski, E.; Kim, J.-H. Elucidating the role of single-atom Pd
for electrocatalytic hydrodechlorination. Environ. Sci. Technol. 2021,
55 (19), 13306—13316.

(28) Huang, D.; Rigby, K;; Chen, W.; Wu, X.; Niu, J.; Stavitski, E.;
Kim, J. H. Enhancing the activity of Pd ensembles on graphene by
manipulating coordination environment. Proc. Natl. Acad. Sci. U.S.A.
2023, 120 (9), No. €2216879120.

(29) Liy, R;; Chen, H. M,; Fang, L. P,; Xu, C.; He, Z,; Lai, Y.; Zhao,
H.; Bekana, D.; Liu, J. F. Au@Pd bimetallic nanocatalyst for carbon-
halogen bond cleavage: An old story with new insight into how the
activity of Pd is influenced by Au. Environ. Sci. Technol. 2018, 52 (7),
4244—4288S.

(30) Pretzer, L. A; Song, H. J,; Fang, Y. L.; Zhao, Z.; Guo, N.; Wu,
T.; Arslan, L; Miller, J. T.; Wong, M. S. Hydrodechlorination catalysis
of Pd-on-Au nanoparticles varies with particle size. J. Catal. 2013, 298,
206—217.

(31) Fan, Z. M.; Zhao, H. C.; Wang, K. F.; Ran, W,; Sun, J. E; Liu, J.
F.; Liu, R. Enhancing electrocatalytic hydrodechlorination through
interfacial microenvironment modulation. Environ. Sci. Technol. 2023,
57 (3), 1499—1509.

(32) Zhuo, Q. F.; Deng, S. B.; Yang, B.; Huang, J.; Wang, B.; Zhang,
T. T.; Yu, G. Degradation of perfluorinated compounds on a boron-
doped diamond electrode. Electrochim. Acta 2012, 77, 17—22.

(33) Yu, Y. C; Zhang, K. Y.; Li, Z,; Ren, C. X;; Chen, J; Lin, Y. H;
Liu, J. Y.; Men, Y. J. Microbial cleavage of C-F bonds in two Cg per-
and polyfluorinated compounds via reductive defluorination. Environ.
Sci. Technol. 2020, 54 (22), 14393—14402.

5817

(34) Fang, Y. D.; Devon, J; Rao, D. D; Liu, J. Y.,; Schaefer, C.
Destruction of perfluorooctane sulfonic acid (PFOS) in gas sparging
incorporated UV-indole reductive treatment system -Benefits and
challenges. J. Hazard. Mater. 2024, 480, No. 13593S.

(35) Wang, Y. F.; Zhang, J.; Zhang, W. K;; Yao, J. M,; Liu, J. Y.; He,
H,; Gu, C; Gao, G. D,; Jin, X. Electrostatic field in contact-electro-
catalysis driven C-F bond cleavage of perfluoroalkyl substances.
Angew. Chem., Int. Ed. 2024, 63 (19), No. €202402440.

(36) Zhan, H. Y;; Zhou, R. R;; Wang, P. F; Zhou, Q. X. Selective
hydroxyl generation for efficient pollutant degradation by electronic
structure modulation at Fe sites. Proc. Natl. Acad. Sci. U.S.A. 2023,
120 (26), No. €2305378120.

(37) Xu, K; Zhang, L.; Godfrey, A; Song, D. S.; Si, W. L.; Zhao, Y.
W.; Liu, Y.; Rao, Y. H.; Zhang, H. W.; Zhou, H. A; et al. Atomic-scale
insights into quantum-order parameters in bismuth-doped iron garnet.
Proc. Natl. Acad. Sci. U.S.A. 2021, 118 (20), No. e2101106118.

(38) Kumar, S. S.; Himabindu, V. Boron-doped carbon nanoparticles
supported palladium as an efficient hydrogen evolution electrode in
PEM water electrolysis. Renewable Energy 2020, 146, 2281—2290.

(39) Su, Y; Yao, C. X; Zhang, Q.; Xu, L. J.; Wang, H; Liy, J. L;
Hou, S. F. Palladium nanoparticles supported on B-doped carbon
nanocage as electrocatalyst toward ethanol oxidation reaction.
ChemElectroChem 2019, 6 (20), 5211—5219.

(40) Jiang, K; Xu, K;; Zou, S. Z.; Cai, W. B. B-doped Pd catalyst:
Boosting room-temperature hydrogen production from formic acid-
formate solutions. J. Am. Chem. Soc. 2014, 136 (13), 4861—4864.

(41) Wang, J. Y,; Kang, Y. Y.; Yang, H; Cai, W. B. Boron-doped
palladium nanoparticles on carbon black as a superior catalyst for
formic acid electro-oxidation. J. Phys. Chem. C 2009, 113 (19), 8366—
8372.

(42) Yoo, J. S.; Zhao, Z. J.; Nerskov, J. K; Studt, F. Effect of boron
modifications of palladium catalysts for the production of hydrogen
from formic acid. ACS Catal. 2015, 5 (11), 6579—6586.

(43) Jiang, B.; Zhang, X. G, Jiang, K; Wu, D. Y,; Cai, W. B.
Boosting formate production in electrocatalytic CO, reduction over
wide potential window on Pd surfaces. J. Am. Chem. Soc. 2018, 140
(8), 2880—2889.

(44) Li, H; Qin, X. X; Zhang, X. G,; Jiang, K,; Cai, W. B. Boron-
doped platinum-group metals in electrocatalysis: A perspective. ACS
Catal. 2022, 12 (20), 12750—12764.

(45) Ai, X.; Zou, X.; Chen, H.; Su, Y. T.; Feng, X. L; Li, Q. J.; Liu, Y.
P.; Zhang, Y.; Zou, X. X. Transition-metal-boron intermetallics with
strong interatomic d—sp orbital hybridization for high-performance
electrocatalysis. Angew. Chem., Int. Ed. 2020, 59 (10), 3961—3965.

(46) Wang, H. J.; Li, Y. J,; Liu, S. L,; Yu, H. J.; Deng, K.; Wang, Z.
Q; Xu, Y; Wang, L. B-doping-induced lattice expansion of Pd
metallene nanoribbons for oxygen reduction reaction. Inorg. Chem.
2023, 62 (37), 15157—15163.

(47) vo Doan, T. T,; Wang, J.; Poon, K. C; Tan, D. C.; Khezri, B;
Webster, R. D.; Su, H,; Sato, H. Theoretical modelling and facile
synthesis of a highly active boron-doped palladium catalyst for the
oxygen reduction reaction. Angew. Chem., Int. Ed. 2016, 55 (24),
6842—6847.

(48) Chan, C. W. A; Mahadi, A. H; Li, M. M. J.; Corbos, E. C.;
Tang, C.; Jones, G.; Kuo, W. C. H,; Cookson, J.; Brown, C. M,;
Bishop, P. T.; Tsang, S. C. E. Interstitial modification of palladium
nanoparticles with boron atoms as a green catalyst for selective
hydrogenation. Nat. Commun. 2014, S (1), No. 5787.

(49) Xie, M. H,; Zhang, B. W,; Jin, Z. Y,; Li, P. P; Yu, G. H.
Atomically reconstructed palladium metallene by intercalation-
induced lattice expansion and amorphization for highly efficient
electrocatalysis. ACS Nano 2022, 16 (9), 13715—13727.

(50) Deng, D. L; Deng, F.; Tang, B. B;; Zhang, J. Z; Liu, J.
Electrocatalytic reduction of low-concentration thiamphenicol and
florfenicol in wastewater with multi-walled carbon nanotubes
modified electrode. J. Hazard. Mater. 2017, 332, 168—175.

(51) Zhu, Q. L; Tsumori, N.; Xu, Q. Immobilizing extremely
catalytically active palladium nanoparticles to carbon nanospheres: A

https://doi.org/10.1021/acs.est.4c12635
Environ. Sci. Technol. 2025, 59, 5808—5818


https://doi.org/10.1016/j.watres.2012.10.001
https://doi.org/10.1016/j.watres.2012.10.001
https://doi.org/10.1016/j.watres.2012.10.001
https://doi.org/10.1016/j.watres.2011.12.042
https://doi.org/10.1016/j.watres.2011.12.042
https://doi.org/10.1002/cjoc.202400058
https://doi.org/10.1002/cjoc.202400058
https://doi.org/10.1021/acs.est.3c08073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c08073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c08073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c08073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcatb.2014.04.040
https://doi.org/10.1016/j.apcatb.2014.04.040
https://doi.org/10.1016/j.apcatb.2014.04.040
https://doi.org/10.1021/acs.est.8b02740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b02740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b02740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b01128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b01128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b01128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms3766
https://doi.org/10.1038/ncomms3766
https://doi.org/10.1021/acscatal.9b02282?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b02282?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b02282?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcat.2020.09.008
https://doi.org/10.1016/j.jcat.2020.09.008
https://doi.org/10.1016/j.jcat.2020.09.008
https://doi.org/10.1021/acs.est.1c04294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.2216879120
https://doi.org/10.1073/pnas.2216879120
https://doi.org/10.1021/acs.est.7b05996?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b05996?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b05996?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcat.2012.11.005
https://doi.org/10.1016/j.jcat.2012.11.005
https://doi.org/10.1021/acs.est.2c07462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c07462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.electacta.2012.04.145
https://doi.org/10.1016/j.electacta.2012.04.145
https://doi.org/10.1021/acs.est.0c04483?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c04483?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jhazmat.2024.135935
https://doi.org/10.1016/j.jhazmat.2024.135935
https://doi.org/10.1016/j.jhazmat.2024.135935
https://doi.org/10.1002/anie.202402440
https://doi.org/10.1002/anie.202402440
https://doi.org/10.1073/pnas.2305378120
https://doi.org/10.1073/pnas.2305378120
https://doi.org/10.1073/pnas.2305378120
https://doi.org/10.1073/pnas.2101106118
https://doi.org/10.1073/pnas.2101106118
https://doi.org/10.1016/j.renene.2019.08.068
https://doi.org/10.1016/j.renene.2019.08.068
https://doi.org/10.1016/j.renene.2019.08.068
https://doi.org/10.1002/celc.201901207
https://doi.org/10.1002/celc.201901207
https://doi.org/10.1021/ja5008917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5008917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5008917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp900349g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp900349g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp900349g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b01497?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b01497?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b01497?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b12506?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b12506?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c04358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c04358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201915663
https://doi.org/10.1002/anie.201915663
https://doi.org/10.1002/anie.201915663
https://doi.org/10.1021/acs.inorgchem.3c02276?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.3c02276?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201601727
https://doi.org/10.1002/anie.201601727
https://doi.org/10.1002/anie.201601727
https://doi.org/10.1038/ncomms6787
https://doi.org/10.1038/ncomms6787
https://doi.org/10.1038/ncomms6787
https://doi.org/10.1021/acsnano.2c05190?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c05190?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c05190?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jhazmat.2017.03.013
https://doi.org/10.1016/j.jhazmat.2017.03.013
https://doi.org/10.1016/j.jhazmat.2017.03.013
https://doi.org/10.1021/jacs.5b06707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b06707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c12635?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

weakly-capping growth approach. J. Am. Chem. Soc. 2015, 137 (36),
11743—11748.

(52) O’Boyle, N. M.; Vandermeersch, T.; Flynn, C. J.; Maguire, A.
R,; Hutchison, G. R. Confab-systematic generation of diverse low-
energy conformers. J. Cheminformatics 2011, 3 (1), No. 8.

(53) Pracht, P.; Bohle, F.; Grimme, S. Automated exploration of the
low-energy chemical space with fast quantum chemical methods. Phys.
Chem. Chem. Phys. 2020, 22 (14), 7169—7192.

(54) Bannwarth, C.; Ehlert, S.; Grimme, S. GFN2-Xtb-An Accurate
and broadly parametrized self-consistent tight-binding quantum
chemical method with multipole electrostatics and density-dependent
dispersion contributions. J. Chem. Theory Comput. 2019, 1S (3),
1652—1671.

(55) Grimme, S.; Bannwarth, C.; Shushkov, P. A robust and accurate
tight-binding quantum chemical method for structures, vibrational
frequencies, and noncovalent interactions of large molecular systems
parametrized for all spd-block elements (Z = 1—86). J. Chem. Theory
Comput. 2017, 13 (5), 1989—2009.

(56) Pracht, P.; Caldeweyher, E.; Ehlert, S.; Grimme, S. A Robust
Non-Self-Consistent Tight-Binding Quantum Chemistry Method for
Large Molecules ChemRxiv 2019. https://doi.org/10.26434/
chemrxiv.8326202.v1. (accessed 12 December 2023).

(57) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A,; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A,; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, A. V.; Bloino, J.;
Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J.
V.; Izmaylov, A. F,; Sonnenberg, J. L.; Williams; Ding, F.; Lipparini,
F; Egidi, F; Goings, J; Peng, B.; Petrone, A; Henderson, T.;
Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng, G.;
Liang, W.; Hada, M.; Ehara, M.; Toyota, K; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T;
Throssell, K;; Montgomery, J. A, Jr; Peralta, ]J. E; Ogliaro, F;
Bearpark, M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov,
V. N,; Keith, T. A,; Kobayashi, R.; Normand, J.; Raghavachari, K;
Rendell, A. P.; Burant, J. C,; Iyengar, S. S.; Tomasi, J.; Cossi, M.;
Millam, J. M,; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.;
Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J.
Gaussian 16; Rev. B.01; Gaussian Inc.: Wallingford, CT, 2016.

(58) Lu, T. Molclus Program; Version 1.9.9.9. http://www.keinsci.
com/research/molclus.html. (accessed on 12 December, 2023).

(59) Kresse, G.; Furthmiiller, J. Efficient iterative schemes for ab
initio total-energy calculations using a plane-wave basis set. Phys. Rev.
B 1996, 54 (16), No. 11169.

(60) Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys. Rev. B 1999, 59 (3),
No. 1758.

(61) Feng, H. L,; Chen, Z. F.; Wang, X. J.; Chen, S. H.; Crittenden,
J. Electrochemical advanced oxidation for treating ultrafiltration
effluent of a landfill leachate system: Impacts of organics and
inorganics and economic evaluation. Chem. Eng. ]. 2021, 413,
No. 127492.

(62) Mao, R.; Li, N.; Lan, H. C; Zhao, X,; Liu, H. J.; Qu, J. H.; Sun,
M. Dechlorination of trichloroacetic acid using a noble metal-free
graphene-Cu foam electrode via direct cathodic reduction and atomic
H*. Environ. Sci. Technol. 2016, S0 (7), 3829—3837.

(63) Huang, D. H,; de Vera, G. A;; Chu, C. H.; Zhu, Q. H.; Stavitski,
E.; Mao, J; Xin, H. L; Spies, J. A.; Schmuttenmaer, C. A,; Niy, J. F;
Haller, G. L.; Kim, J. H. Single-atom Pt catalyst for effective C-F bond
activation via hydrodefluorination. ACS Catal. 2018, 8 (10), 9353—
9358.

(64) Xie, H.; Chen, S. Q; Liang, J. S.; Wang, T. Y.,; Hou, Z. F,;
Wang, H. L,; Chai, G. L,; Li, Q. Weakening intermediate bindings on
CuPd/Pd core/shell nanoparticles to achieve Pt-like bifunctional
activity for hydrogen evolution and oxygen reduction reactions. Adv.
Funct. Mater. 2021, 31 (26), No. 2100883.

(65) Xia, Y.; Zhao, X.; Xia, C.; Wy, Z.Y.; Zhu, P,; Kim, J. Y.; Bai, X;;
Gao, G.; Hu, Y,; Zhong, J.; et al. Highly active and selective oxygen
reduction to H,0, on boron-doped carbon for high production rates.
Nat. Commun. 2021, 12 (1), No. 4225.

5818

(66) Goss, K. U. The pK, values of PFOA and other highly
fluorinated carboxylic acids. Environ. Sci. Technol. 2008, 42 (2), 456—
4S58.

https://doi.org/10.1021/acs.est.4c12635
Environ. Sci. Technol. 2025, 59, 5808—5818


https://doi.org/10.1021/jacs.5b06707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/1758-2946-3-8
https://doi.org/10.1186/1758-2946-3-8
https://doi.org/10.1039/C9CP06869D
https://doi.org/10.1039/C9CP06869D
https://doi.org/10.1021/acs.jctc.8b01176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00118?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00118?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00118?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00118?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.26434/chemrxiv.8326202.v1
https://doi.org/10.26434/chemrxiv.8326202.v1
http://www.keinsci.com/research/molclus.html
http://www.keinsci.com/research/molclus.html
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1016/j.cej.2020.127492
https://doi.org/10.1016/j.cej.2020.127492
https://doi.org/10.1016/j.cej.2020.127492
https://doi.org/10.1021/acs.est.5b05006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b05006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b05006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.202100883
https://doi.org/10.1002/adfm.202100883
https://doi.org/10.1002/adfm.202100883
https://doi.org/10.1038/s41467-021-24329-9
https://doi.org/10.1038/s41467-021-24329-9
https://doi.org/10.1021/es702192c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es702192c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c12635?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

