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ABSTRACT: In this study, we loaded Pd catalysts onto a reduced
graphene oxide (rGO) support in an atomically dispersed fashion
[i.e., Pd single-atom catalysts (SACs) on rGO or Pd,/rGO] via a
facile and scalable synthesis based on anchor-site and photo-
reduction techniques. The as-synthesized Pd;/rGO significantly
outperformed the Pd nanoparticle (Pd,,,,) counterparts in the
electrocatalytic hydrodechlorination of chlorinated phenols. Down-
sizing Pd,,,, to Pd, leads to a substantially higher Pd atomic
efficiency (14 times that of Pd,,,,), remarkably reducing the cost
for practical applications. The unique single-atom architecture of
Pd, additionally affects the desorption energy of the intermediate,
suppressing the catalyst poisoning by CI~, which is a prevalent
challenge with Pd,,,,. Characterization and experimental results
demonstrate that the superior performance of Pd,/rGO originates

from (1) enhanced interfacial electron transfer through Pd—O bonds due to the electronic metal—support interaction and (2)
increased atomic H (H*) utilization efficiency by inhibiting H, evolution on Pd,. This work presents an important example of how
the unique geometric and electronic structure of SACs can tune their catalytic performance toward beneficial use in environmental

remediation applications.

KEYWORDS: single-atom catalyst, palladium, reduced graphene oxide, hydrogenation, cathodic dechlorination,

electronic metal—support interaction (EMSI)

B INTRODUCTION

Chlorinated phenols and phenolic compounds (CPs) represent
a broad variety of pollutants that are widely detected in the
environment as harmful disinfection byproducts during
chlorination-based treatments' and from their extensive
applications as components of pharmaceuticals, biocides,
pesticides, and herbicides.””* The presence of chlorine atoms
leads to the acute toxicity, genetic toxicity, and carcinoge-
nicity,”~” posing a risk to human and ecosystem health. The
European Union (EU) and United States Environmental
Protection Agency (USEPA) have both recognized CPs as
priority contaminants.”” Nevertheless, the treatment and
removal of this class of compounds remains a challenge,
wherein the high bond energy of C—Cl (340 kJ mol™") results
in their recalcitrance to conventional biochemical and
physicochemical approaches employed in water treatment.'’
Accordingly, the development of efficient dechlorination
strategies has received ever-growing attention.
Electrochemical dechlorination has been proposed as an
attractive alternative due to the potential to modularize the
system, no need for chemical addition, and ease of
operation.""'* The key toward attaining a high dechlorination
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efficiency is the development of an appropriate electrocatalyst.
Among various material options, Pd-based electrocatalysts
have been demonstrated to be one of the most effective
materials for cathodic dechlorination because Pd can catalyze
the Volmer reaction (i.e, H + e — H*) to generate atomic
hydrogen (H*), a highly reductive species for the substitution
of Cl atoms in CPs.”'*'* Much work has been dedicated
toward advancing Pd-based electrocatalysts for hydrodechlori-
nation, such as engineering the nanostructures''® and the
inclusion of other elements.'” ™' Nevertheless, the natural
scarcity and high cost of Pd restrict large-scale commercializa-
tion, especially in water treatment practices. Moreover, the
suitability of conventional Pd-based materials has been
questioned as several reports have stated the possibility of
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Pd being poisoned and deactivated by hydrodechlorination
byproducts, namely, chloride.”’~%*

Single-atom catalysts (SACs) represent the forefront of
advances in catalyst materials and provide an appealing strategy
to overcome the intrinsic drawbacks associated with the
utilization of noble metals in nanoparticle configuration.”*~**
Unlike their nanoparticle counterparts, in which a majority of
atoms buried under the cluster surface are not involved in
catalysis, the atomic dispersion of metal sites enables each
atom to be accessible for the target reaction, yielding a
theoretical atomic efficiency of 100%.”“*” Another unique
characteristic of SACs is an unsaturated coordination environ-
ment, affecting their interaction with adsorbates.”®™° In
particular, adsorbate-induced structural relaxation has been
reported to significantly decrease the desorption energy,”>>"**
which may enable the rapid desorption of Cl™ from single-
atom Pd (Pd;), mitigating the aforementioned poisoning
effect. Despite the success of engineering Pd; for many
industrially critical reactions (e.g., selective hydrogenation,”
CO oxidation,** ammonia electros.ynthesis,*%5 oxygen reduction
reaction®®), it remains unknown whether the employment of
Pd; can be an effective catalyst, which outperforms conven-
tional Pd nanoparticles for dechlorination water treatment.

We here report a single-atom Pd electrocatalyst loaded onto
a reduced graphene oxide substrate (Pd,/rGO) for hydro-
dechlorination. rGO is selected as the electrocatalyst support
in this work because it possesses the following: (i) a high
specific surface area (up to 2400 m* g~'),”” ensuring the
adequate distribution of the active Pd; sites, and (ii) a superior
electrical conductivity (up to 3.0 X 10* S m™") for fast electron
transfer.”® In comparison to graphene (another widely used
support for electrocatalysis), rGO contains various oxygen-
containing functionalities (i.e., C—OH, —COOH and C=0)
on the edge and vacancy defects on the basal plane that can
function as anchoring sites and provide a stable coordination
environment for SACs.*”*” We evaluate the performance of as-
synthesized Pd,/rGO by catalyzing the hydrodechlorination of
CPs; detailed material characterizations and mechanistic
discussions are presented to reveal the unique role of the
single-atom architecture of Pd,.

B EXPERIMENTAL

Reagents and Materials. Acetonitrile (C,H;N, 99.8%
purity), hexane (C4Hy4, 97.5% purity), and palladium chloride
(PdCl,, 5 wt % in 10 wt % HCI solution) were obtained from
J&K Scientific. rGO was obtained from Strem Chemicals.
Methanol (CH;OH, 99.9% purity), S,5-dimethyl-1-pyrroline
N-oxide (C4H;;NO, DMPO, 98% purity), phosphoric acid
(H,PO,, 85% purity), 4-chlorophenol (C¢H,CIOH, 4-CP, 99%
purity), 2,4-dichlorophenol (C¢H,CL,OH, 2,4-DCP, 99%
purity), 2,4,6-trichlorophenol (C4H,CL,OH, 2,4,6-TCP, 98%
purity), sodium chloride (NaCl, 99% purity), sodium
phosphate dibasic (Na,HPO,, 99% purity), sodium phosphate
monobasic (NaH,PO,, 99% purity), (3-aminopropyl)-
trimethoxysilane (CoH,;NO,Si, APTMS, 97% purity), tert-
butyl alcohol (C4H,,0, t+-BuOH, 98% purity), palladium oxide
(PO, 99.9% purity), 2-propanol (CyHgO, 99.5% purity),
palladium chloride (PdCl,, 99.9% purity), and Nafion 117
(5%) were obtained from Sigma-Aldrich. PdCl, (1 g) was
dissolved in 20 mL of a solution (14.7 mL of H,O and 5.3 mL
of concentrated HCI) to obtain the PdCl, (5 wt % PdCl, in 10
wt % HCI, forming PdCl,>") stock solution, which was further
diluted to 10 mM for the subsequent Pd loading. Toray 120

carbon paper (Fuel Cell Store) and glassy carbon (CH
Instruments) were used as the electrocatalyst supports. All
chemicals used in the experiments were of reagent grade or
higher and used as received without further purification.
Experimental solutions were prepared using ultrapure water
(>18.2 MQ-cm) from a Milli-Q_system.

Synthesis of Catalysts. rtGO (0.5 g, powder) was first
functionalized with amine groups by dispersing it in hexane
(250 mL) under ultrasonication for 30 min, followed by the
addition of APTMS (2 mL). The obtained rGO-NH, was
separated by centrifugation, washed three times with ethanol
and deionized water, and then dried in the oven at 80 °C. Pd,/
rGO was synthesized by dispersing rGO—NH, (80 mg) in
deionized water (100 mL) under sonication for 30 min; PdCl,
solution (1 mL, 10 mM) was subsequently added to the
suspension and sonicated for another 30 min. The mixture was
then irradiated by the UV light (254 nm, intensity = 7.87 mW/
cm?®) for an additional 60 min to photoreduce the Pd
precursor. The Pd;/rGO product was finally collected via
centrifugation, washed with deionized water, and dried in the
oven at 80 °C.

For comparison, Pd nanoparticles (Pd,,,,/rGO) were
prepared via a hydrothermal method. rGO powder (80 mg)
was dispersed in 5% ethylene glycol solution. After ultra-
sonication for 30 min, PACI, (5 mL, 10 mM) was added to the
suspension. After sonication for another 30 min, the mixture
was sealed into a Teflon container and then heated at 120 °C
for 4 h with a heating rate of 10 °C/min. The samples were
separated by centrifugation and washed three times with
ethanol and deionized water. The final Pd,, ,/rGO nano-
composites were oven-dried overnight at 80 °C and stored for
subsequent experiments.

Preparation of Electrodes. The working electrode was
prepared by drop-casting catalyst ink onto the carbon paper
surface for degradation experiments and the glassy carbon
electrode for electrochemical characterization. Pd;/rGO or
Pd, ,,o/tGO (0.8 mg) was mixed with 1.0 mL of 2-propanol,
0.7 mL of deionized water, and 24 uL of Nafion 117 solution
and sonicated for 60 min. Afterward, the homogeneous ink
suspension was pipetted onto both substrates under an infrared
heat lamp for 60 min and tested immediately. Across all
electrochemical experiments, the total catalyst mass loadings of
both Pd;/rGO and Pd,,,,/rGO were kept the same.

Electrocatalyst Characterization. Aberration-corrected
high-angle annular dark-field scanning transmission electron
microscopy (AC-HAADF-STEM) was conducted on a JEM-
ARM 200F operated at 300 kV. The high-resolution
transmission electron microscopy images were obtained using
an FEI Tecnai Osiris 200 kV TEM. X-ray powder diffraction
(XRD) was taken to examine the phase structure using an
X’Pert Pro MPD (PANalytical) with Cu Ka radiation. The
scan rate was 5°/min within the 26 range of 10—80°. X-ray
photoelectron spectroscopy (XPS) analysis was conducted
using a PHI VersaProbe II Scanning XPS Microprobe system
with monochromatic Al Ka radiation (1486.6 €V). Raman
spectroscopy (LabRAM HR Evolution, Horiba) was per-
formed to observe the characteristic D and G bands of rGO-
based catalysts. Inductively coupled plasma mass spectrometry
(ICP—MS) was performed using a PerkinElmer SCIEX Elan
DRC-e to determine the loading of Pd on rGO. The X-ray
absorption fine structure (XAFS) spectra at the Pd K-edge
were recorded at Beamline 8-ID of the National Synchrotron
Light Source II at Brookhaven National Laboratory. The
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Figure 1. (a) Schematic illustration of the step-by-step synthesis procedure for Pd,/rGO; (b,c) AC-HAADF-STEM images of Pd,/rGO; (d) Pd K-
edge Fourier-transformed extended X-ray absorption fine structure spectroscopy (FT-EXAFS) of Pd foil, PdO, PdCl,, Pd,/rGO, and Pd,,,,,/rGO;
(e) fitting results for Pd;/rGO (the parameters extracted from the fit are provided in Table 1); (f) normalized X-ray absorption near-edge structure
(XANES) measurements of Pd foil, PdO, PdCL, Pd,/rGO, and Pd,,,,/rGO. The data ranges used for data fitting in the K-space and R-space
(Figure S6) were 3.0—12 A™" and 1.2—2.5 A, respectively; (g) Pd 3d XPS spectra of Pd,/rGO and Pd,,,,,/rGO.

energy was calibrated with a Pd foil. The sample was pressed
into a pellet and sealed in Kapton films. The data were
obtained at room temperature under the fluorescence mode
using a passivated implanted planar silicon detector and
analyzed by Athena software (Text S1).

Electrochemical Experiments. The cathodic hydro-
dechlorination of CPs (i.e., 4-CP, 2,4-DCP, 2,4,6-TCP) was
conducted using a three-electrode electrochemical cell, where
the anodic and cathodic rooms were separated by a Nafion 117
membrane (Figure S1). The volume of each room was S mL;
the distance between the anode and cathode was 20 mm; the
surface areas of Pd-loaded rGO electrodes and the Pt foil were
all 2 cm® (10 X 20 mm). Phosphate buffer (100 mM) was
chosen as the electrolyte to avoid drastic pH variation during
the reaction. The anodic room was filled with phosphate, and
the cathodic room was additionally spiked with CPs. Pd-loaded
rGO electrodes were used as the working electrodes; the Pt foil
and an Ag/AgCl electrode were used as the counter and
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reference electrodes, respectively. All experiments were
performed in batch mode at a constant potential of —1.2
Vg/ager under stirring at 800 rpm. All electrochemical
measurements were conducted and recorded using a SP-50
potentiostat (Bio-Logic).

Analytical Methods. Chlorophenol concentrations were
measured in triplicate using high-performance liquid chroma-
tography (HPLC, Agilent Technologies 1260 Infinity)
equipped with a C18 column (4.6 mm X 250 mm, S ym).
4-CP was detected based on absorption at 225 nm; the mobile
phase consisted of a 45:55 (v/v) mixture of acetonitrile and
phosphoric acid (0.1 wt %) with a flow rate of 2 mL/min. 2,4-
DCP was detected based on absorption at 225 nm; the mobile
phase consisted of a 50:50 (v/v) mixture of acetonitrile and
phosphoric acid (0.1 wt %) with a flow rate of 2 mL/min.
2,4,6-TCP was detected based on absorption at 205 nm; the
mobile phase consisted of a 60:40 (v/v) mixture of acetonitrile
and phosphoric acid (0.1 wt %) with a flow rate of 2 mL/min.
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Electron paramagnetic resonance (EPR) analyses were
conducted with an ESR-300E spectrometer (Bruker Instru-
ments) using DMPO as a spin-trapping agent for H*. The
concentration of CI™ was determined via ion chromatography
(IC, Dionex ICS-1100) equipped with Dionex IonPac AS11-
HC Analytical and AG11-HC Guard columns. NaCl standard
solution was used to calibrate the peak area in relation to CI”
concentration.

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization of Pd,/
rGO. As shown in Figure la, we applied a two-step method
consisting of APTMS modification and photoreduction of the
Pd precursor in sequence. The first step involved the
interaction of APTMS with OH groups on the edge of rGO,
introducing amine functionalities onto rGO (Figures S2 and
S3). Amine groups in APTMS converted into positively
charged ammonium groups (NH,") in the aqueous solution.
The electrostatic adsorption between NH," and negatively
charged PdCl,*~ subsequently enabled the distribution of Pd
precursors onto the rGO support. APTMS was selected as the
organic linker to chelate the Pd precursor because it has
demonstrated the ability to additionally tune the electronic
structure of metals.*""** Notably, even though graphene oxide
(GO) generally has more oxygen functionalities for APTMS
modification, the high density of such functionalities leads to a
low electrical conductivity."” Therefore, GO was not selected
as the support for the Pd, electrocatalyst. The second step
involved the photoreduction of the Pd precursor by photo-
generated electrons under 254 nm UVC irradiation, similar to
our previous work.””*""** This facile process yielded Pd,/rGO
with a Pd loading amount of 0.96 wt % according to ICP—MS
results (i.e, Pd/C atomic ratio = 1/830. See Text S2 for
calculations). The peaks at 1325, 1580, and 2650 cm™!
observed in Raman spectra (Figure S4) are assigned to D, G,
and 2D bands of rGO; a negligible variation between rGO and
Pd;/rGO indicates that Pd;, loading would not affect the
graphitic structure.

The atomic dispersion of Pd on the rGO edge was visually
verified as scattered bright spots with a diameter of
approximately 2 A in AC-HAADF-STEM images (as shown
in Figure 1b,c). We found a small fraction of Pd; anchored on
the basal plane of rGO, where structural defects containing
—OH groups can react with APTMS and generate spots for the
Pd, stabilization.**® The absence of the Pd—Pd shell in the
FT-EXAFS result of Pd;/rGO (Figure 1d) confirmed that Pd
nanoparticles (Figure SS) did not form. This result is
consistent with our XRD results, in which no characteristic
peaks of Pd,.,/rGO are detected in the Pd;/rGO sample
(Figure S6).

The absence of Pd—Cl demonstrated that chlorine in the
PdCl, precursor was completely removed during the photo-
reduction step. Moreover, comparing Pd,/rGO to the PdO
reference (Figure 1d) further validated the Pd—O coordina-
tion, which is estimated to be at an interatomic distance of 1.6
A (Figure le). Best-fit parameters extracted from FT-XAFS
data (Table 1) suggest that the Pd—O coordination number in
Pd,/rGO is ~3 (in contrast to 4 for PdO), confirming the
unsaturated coordination environment of Pd;. The coordina-
tively unsaturated metal atom, regarded as a critical advantage
of SACs, has been proven to promote the adsorption of
reactants and thereby improve the catalytic efficiency toward
multiple reactions (e.g., Cu; for CO oxidation,”” Pt; for H,

nano

Table 1. Best-Fit Parameters Extracted from the Pd K-Edge
FT EXAFS Spectra of Pd,;/rGO and Pd,,,,/rGO”

sample shell CN R/A o*/A?
PdO Pd-O 4 2.05 0.0011 + 0.0007
Pd foil Pd—Pd 12 2.79 0.0047 + 0.0006
Pd,/rGO Pd-0O 34+ 04 2.04 + 0.02 0.0013 + 0.0007
Pd,,./tGO  DPd-Pd 82405 276+ 001  0.0064 + 0.004

“CN is the coordination number of Pd—O or Pd—Pd spheres, R refers
to interatomic distances, and ¢ is the Debye Waller factor.

evolution,*® Ir; for O, evolution®). The interfacial Pd—O
bonds can additionally function as the channels for electron
transfer between Pd and the rGO support, which have been
widely reported as the electronic metal—support interactions
(EMSI) that enhance the catalytic reaction.”’>> The XANES
curves (Figure 1f) suggest that the white line intensity of Pd;, a
quantitative indication of the oxidation state, is much higher
than Pd° in the Pd foil and Pd,,, and close to the Pd** in the
PdO reference. This result is consistent with XPS data, where
the Pd—3d;,, binding energy of Pd, is 336.2 eV, higher than
335.4 eV of Pd,,,, and close to 3364 eV of PdO.>’ An
oxidation state of ~2+ indicates the highly vacant 5d orbitals of
Pd;, and such electron-deficient nature of SACs has been
reported to be able to reduce the activation barrier in many
important catalyses (e.g, Pt, for CO oxidation,”* Fe, for
benzene oxidation,”® Ni, for CO, reduction,”® Pt, for H,
evolution*®).

Kinetics of 4-CP Electroreduction. As shown in Figure
2a, Pd;/rGO exhibited a superior performance over Pd,,,./
rGO toward 4-CP reduction, where the pseudo-first-order rate
constant (k, cp) increased by over 3 times from 0.49 + 0.02 to
1.61 + 0.04 h™". To further evaluate the activity of Pd,/rGO
versus Pd,,../rGO, we calculated the turnover number (TON,
Text S2) per Pd atom basis to exclude the contribution from
the higher Pd loading in Pd,,,,/rGO (ie. 0.96 wt % Pd in
Pd,/rGO and 5.2 wt % in Pd,,,,/rGO). As shown in the inset
of Figure 2a, the TON of Pd;/rGO is 14 times that of Pd,,,,/
rGO for 4-CP reduction, indicating a much higher atomic
efficiency of Pd in Pd,/rGO. Given that only surface Pd atoms
participate in the reaction, we additionally calculate the TON’
of Pd by normalizing based only on the surface Pd atom ratio
(Text S2). TON’ of Pd;/rGO remains 4 times that of Pd,,,,/
rGO, demonstrating the intrinsically higher activity of Pd,;
compared to surface Pd atoms in Pd,,,,. Under lower pH
conditions, Pd;/rGO yielded higher 4-CP reduction kinetics
(Figure 2b), with k,_cp further increasing to 2.92 + 0.08 h™" at
pH 5. Considering that the pK, of 4-CP is 9.41,>” 4-CP would
remain neutral in an acidic environment, excluding the
enhanced adsorption and subsequent direct cathodic reduction
of 4-CP onto Pd;/rGO. The increased kinetics are ascribed to
the promoted indirect cathodic reduction by H*, wherein the
higher concentration of H* could promote H* generation via
the Volmer reaction. The kinetics changed negligibly after 20
cycles over 20 h of operation (Figure 2c), demonstrating the
high stability of Pd;/rGO. Moreover, this electrode also
exhibited high dechlorination activity for other chlorinated
phenols (i.e., 2,4-DCP and 2,4,6-TCP), as presented in Figure
2d.

Chlorine mass balances performed throughout the reaction
provided insight into the nature of the observed dechlorination
reactions. As shown in Figure 3a, the chlorine mass balance
was continuously over 95% during 4-CP reduction, where the
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Figure 2. (a) Pseudo-first-order kinetic plots of 4-CP dechlorination with Pd;/rGO and Pd,,,,/tGO electrodes. The inset indicates the TON per
Pd atom basis in a reaction time of 30 min. (b) 4-CP dechlorination with the Pd,/rGO cathode under different pH values (5.2, 6.1, 7.9, 9.0); (c) 4-
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with the Pd;/rGO cathode. Conditions: potential = —1.2 Vy,/x,c;, CP concentration = 0.1 mM, electrolyte = 100 mM phosphate buffer, pH = ~7,

temperature = 25 + 1 °C.

remaining 5% could be attributed to ClI™ adsorption onto rGO
at the positively charged amine groups. For the reduction of
2,4-DCP and 2,4,6-TCP (Figure 3b,c), slightly lower Cl mass
balances during the reaction are observed (88% at 30 min and
90% at 10 min during 2,4-DCP and 2,4,6-TCP reduction,
respectively). This might be due to the generation of partially
dechlorinated intermediates, given additional C—Cl bonds in
the parent compounds. Nevertheless, across all reduction
reactions, phenol is the sole detected product, indicating the
high selectivity of Pd;/rGO without dehydroxylation or further
hydrogenation of the benzene ring to produce cyclohexanol or
cyclohexanone.

Electrochemical Properties of Pd,/rGO. We performed
cyclic voltammetry (CV) scans under various conditions to
probe the reasons for the high activity of Pd,/rGO. Upon the
inclusion of 4-CP into the electrolyte, the CV of Pd,/rGO
exhibited a reversible wave centered around 0.35 Vi, a.ci
(Figure 4a, red trace). This has been attributed to the one-
electron reversible transformation between the phenolate
anion and phenoxyl radical, confirming the hydrodechlorina-
tion of 4-CP into phenol.”**” The addition of 4-CP led to a
striking increase in the reductive current (from —0.50 to —1.20
VAg/AgC]) and a reductive peak at —0.95 Vg /a,c Since the
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latter feature was not present in pristine phosphate bufter, we
allude this to the direct cathodic reduction of 4-CP.*’
Pd,/rGO displayed the oxidation peak for H* at around 0
Vag/agar (Figure 4a), indicating the occurrence of the Volmer
reaction (H* + e~ — H*) during the cathodic sweep.'® We
further investigated this mechanistic behavior of Pd,/rGO by
conducting a series of CVs at various ending potentials (Figure
4b). An increase in the peak height for H* was observed at
more negative ending potentials (—0.8 to —1.0 VAg/AgCI); this
suggests that higher cathodic currents yield higher amounts of
H*. At less reductive potentials (—0.4 to —0.6 VAg/AgCI) in
which H* was not observed, the pair of peaks for the
phenolate/phenoxyl radical was also not present. In fact, this
pair was visible only after applying more negative potentials
and upon the emergence of the H* peak. This highlights the
role of H* as an active reactant for hydrodechlorination, which
has been reported for Pd nanoparticles.”"*> Overall, Figure
4a,b demonstrates that both pathways, direct cathodic
reduction and indirect hydrogenation involving H¥*, are
involved for 4-CP hydrodechlorination on Pd,/rGO.
Pd,;/rGO was further compared to Pd,,,,/rGO by perform-
ing CV at the same total catalyst mass loading (Figure 4c).
First, the reductive current for 4-CP hydrodechlorination was
far more pronounced for Pd,/rGO than Pd,,,,/rGO, despite
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Figure 3. Chlorine mass balances during the (a) 4-CP, (b) 2,4-DCP,
and (c) 2,4,6-TCP hydrodechlorination with the Pd,/rGO electrode.
Conditions: potential = —1.2 V5, CP concentration = 0.1 mM,
electrolyte = 100 mM phosphate buffer, pH = ~7, temperature = 25
+ 1 °C.

the lower amount of Pd available. We ascribe this observation
to the EMSI effect of SACs. Specifically, the strong EMSI
between Pd; and the rGO support through Pd—O bonds
facilitates electron transfer from the underlying rGO support to
4-CP through active Pd, sites.”> We also observed that the H*
peak for Pd . ./rGO exposed to 4-CP was much lower than
that for Pd,/rGO and Pd,,,,/rGO in pristine phosphate buffer
(Figure S8). One reason may be the suppression of the Volmer
reaction, given the lower reductive currents for Pd,,,,/rGO.
Also, it is possible that H* is better utilized for 4-CP
hydrodechlorination; however, this is not in agreement with
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Vagiagei (€) cyclic voltammograms of Pd,;/rGO and Pd,,,,/rGO in
the electrolyte with 4-CP; CV of Pd,;/rGO is the duplication of “with
4-CP” in Figure 4a. The mass loading of the catalyst was kept the
same for both Pd;/rGO and Pd,,,,/rGO at 0.016 mg/cm?
Conditions: electrolyte = 100 mM phosphate buffer (N,-saturated),
pH = 7, 4-CP concentration S mM, scan rate = 50 mV/s,
temperature = 25 + 1 °C.

the lower dechlorination kinetics of Pd,,,,/rGO compared to
Pd,/rGO (Figure 2a). In fact, 4-CP dechlorination kinetics for
Pd,..o/tGO continuously decreased over time (Figure S9),
unlike Pd,/rGO, in which kinetics were maintained under the
same conditions even after 20 h (Figure 2c). Therefore, 4-CP
or its byproducts impeding the ability of Pd,,,/rGO to
produce H* might be another reason for the decrease in
overall dechlorination efliciency.
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One major limitation of Pd-based catalysts is poisoning by
the reaction byproducts.”*™®” Previous studies reported that
the presence of chloride could hinder the activity of these
catalysts via strong adsorption onto the Pd surface, blocking
the active sites from additional reactants.*”’® As shown in
Figure S10, Pd,,,,/rGO demonstrates substantial losses in
reductive current after cycling in the 4-CP-containing electro-
Iyte, whereas Pd,/rGO exhibits marginal changes under the
same conditions. To further investigate, we conducted separate
stability tests with Pd,/rGO and Pd,,,,/rGO operated at a
constant potential in solutions with and without 4-CP (Figures
S11 and S12). Although currents were stable for both catalysts
in phosphate buffer, the current exhibited by Pd,,,/rGO
decreased over time upon introduction of 4-CP, which may be
caused by the sluggish desorption of resultant CI~ from the
Pd,,,, interface.”’ This is inferred in Figure S13, in which
replacing phosphate buffer with NaCl led to substantial losses
in both the H* peak and reductive current. In contrast, Pd,/
rGO exhibited stable currents throughout the entire reaction
time, regardless of the presence of 4-CP. This remarkable
stability of Pd;/rGO was confirmed by performing additional
experiments with Pd,;/rGO independently exposed to CI7,
phenol, and 2,4-DCP (Figures S14—S16). None of these
constituents led to significant losses in the reductive current.
Moreover, despite a shift in its location (Text SS), the H* peak
was always observed in the cyclic voltammograms, indicating
that neither chlorinated phenols nor their dechlorination
byproducts detracted from the ability of Pd,/rGO to
continuously produce H*.

Overall, Pd,/rGO for dechlorination-based processes
presents an interesting and promising example of engineering
single-atom architectures for water remediation applications.
This approach has already been undertaken for various types of
catalysts to mitigate such poisoning effects.”’ For example,
single-atom Pt and single-atom Ir maintain outstanding
performance during CO oxidation, whereas their nanoparticle
counterparts are rapidly deactivated due to the strong binding
affinity of the CO reactant and subsequent blocking of the
surface.”*”* Similarly, single-atom Cu for electrochemical CO,
reduction exhibits superb resistance to methanol poisoning,
which is attributed to its weaker binding, in comparison to Cu
nanoparticles.”” Such decreased binding affinities have been
attributed to the adsorbate-induced structural relaxation of
SACs, wherein the unsaturated coordination environment
enables the distortion of the SAC structure to affect the
desorption of the intermediate.”**"*” Combining these
previous findings and our experimental results, we propose
that the superior catalytic stability of Pd,/rGO over Pd,,,./
rGO for 4-CP hydrodechlorination results from its single-atom
nature.

Role of H*. EPR analysis using DMPO as the probe
(Figure Sa) displayed a series of nine characteristic peaks for
both Pd;/rGO and Pd,,,,/rGO, corresponding to the presence
of H*. Although the relative intensities of the DMPO/H¥*
adducts of each test could not provide a quantitative
correlation, a stronger intensity can generally be qualitatively
interpreted as a higher concentration of H*,°>”* where the
stronger signal for Pd;/rGO confirms the enhanced H*
formation. To further understand the contribution from H*
versus direct cathodic reduction, we additionally performed
quenching experiments for H* using +-BuOH. The reaction
pathways are shown in eqs 1 and 27>7°
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Figure S. (a) EPR spectra of the blank, Pd,/rGO, and Pd,,,,/rGO
with DMPO as the probe; (b) 4-CP hydrodechlorination on the Pd,/
rGO cathode with the different concentrations of --BuOH, which acts
as the quenching agent for H*. 0 mM is the duplication of the Pd;/
GO curve in Figure 2b. Conditions: potential = —1.2 V5.0, 4-CP
concentration = 0.1 mM, electrolyte = 100 mM phosphate buffer, pH
= ~7, temperature = 25 + 1 °C.

(CH,);COH + H*
— *CH,(CH,),COH + H,(k,
=75x10 M) (1)

*CH,(CH,),COH + °*CH,(CH,), COHproducts (k,
= (123 + 03) x 10° M~ 's7") (2)

As shown in Figure 5b, increasing the concentration of t-
BuOH in the electrolyte led to sharp decreases in k,.cp,
dropping to 0.41 + 0.01 h™" at 100 mM +BuOH (~1/4 the
value of k, cp in pristine phosphate buffer). This underscores
the active role of H* in the dechlorination process and is
consistent with the data presented in Figure 2c. Specifically,
the Volmer reaction becomes kinetically favorable with the
increase in proton concentration, generating more H* and
leading to an increase in k,_cp at lower pH values. However, 4-
CP hydrodechlorination did not cease even under an extremely
high t+-BuOH concentration of 100 mM, indicating the co-
contribution from direct cathodic reduction. We caution
quantitative analysis based on the kinetics; the large amount
of +BuOH may also affect surface interactions between the
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electrode and 4-CP, reflected by lower reductive currents
(Figure S18).

Environmental Significance. As shown in Figure 6, the
superior catalytic performance of Pd;/rGO toward 4-CP

Increased H* utilization efficiency due to the inhibited H, evolution.

H
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Figure 6. Proposed mechanism of enhanced cathodic hydro-
dechlorination with Pd,;/rGO versus Pd,,,,/rGO.

hydrodechlorination is attributed to characteristic properties
that emerge as Pd is engineered to be at the atomic scale.
Interfacial Pd—O bonds can function as a channel for electron
transfer from the rGO support to adsorbed 4-CP; this EMSI
effect promotes the direct cathodic reduction of 4-CP. When
Pd, is occupied by the adsorbed proton, the EMSI effect could
enhance the electron transfer from rGO to the proton (ie.,
Volmer reaction) as well, generating more H* as reactive
species for the indirect hydrogenation of 4-CP. Notably, as
calculated in the previous study, the competitive H, evolution
reaction (HER) usually consumes most of H* during the
electrocatalytic hydrodechlorination with conventional Pd
nanomaterials, leading to a low H* utilization efficiency of
10—30%.”" Suppressing HER has thus become an efficient
strategy to boost the hydrodechlorination rates. Given the
limited adsorption sites on the single-atom architecture, H*
generated from the Volmer reaction could block the Pd,;
surface’’ and thus hinder the subsequent adsorption of a
second proton, which is necessary for HER via the Heyrovsky
step (H*+ H* + e~ — H,). As for the Tafel step, another
pathway for HER, the spatial separation of Pd atoms in Pd,/
rGO would suppress the rapid recombination of two H*
generated on adjacent Pd atoms (H* + H* — H,), a well-
known phenomenon that takes place on the Pd,,,, surface.
The enhanced EMSI effect and inhibited competitive HER
result in a much higher Pd atomic efficiency of Pd,/rGO,
which is 14 times that of Pd,,,,/rGO according to the TON
calculation. For example, 0.6 mg of Pd; can dechlorinate 1
mmol of 4-CP within 30 min, while 8.4 mg of Pd,,, is
required to achieve the same dechlorination effect. We have
also experimentally demonstrated the stability of Pd,/rGO,
which is able to resist CI™ deactivation that has been noted for
its nanoparticle counterparts.””*° Further developments on
loading Pd,;/rGO onto porous conductive supports instead of

carbon paper may enable the design of a flow-through system,
increasing kinetics and energy efficiency by alleviating mass-
transfer limitations.
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