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Abstract

Hydroxyl radical (-OH) can hydroxylate or dehydrogenate organics without forming extra products,
thereby expediently applied in extensive domains. Although it can be efficiently produced through
single-electron transfer from transition metal-containing activators to hydrogen peroxide (H20z),
narrow applicable pH range, strict activator/H20:2 ratio requirement, and byproducts that are
formed in mixture with the background matrix, necessitate the need for additional energy-intensive
up/downstream treatments. Here, we show a green Fenton process in an electrochemical cell,
where the electro-generated atomic H* on a Pd/graphite cathode enables the efficient conversion
of H202 into ‘OH and subsequent degradation of organic pollutants (80% efficiency). Operando
liquid time-of-fight secondary ion mass spectrometry verified that the H2O2 activation takes place
through a transition state of the Pd-H*-H>02 adduct with a low reaction energy barrier of 0.92 eV,
whereby the lone electron in atomic H* can readily cleave the peroxide bridge, with -OH and H20
as products (AG=-1.344 eV). Using H" or H20 as the resource, we demonstrate that the well-
directed output of H* determines the pH-independent production of ‘OH for stable conversion of
organic contaminants in wider pH ranges (3~12). The research pioneers a novel path for

eliminating the restrictions that are historically challenging in traditional Fenton process.
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1. INTRODUCITON

Hydroxyl radical (-OH), as a non-selective radical, has played pivotal parts in the domains of water
purification,! protein modification,> material preparation,’ molecular synthesis,* and tumor
therapy® throughout the past century (Fig. 1). Well known as Fenton process and Fenton-like
processes, heterolytically cleaving the hydrogen peroxide (H20z2) by singlet-electron transfer from
transition metal activators attracted much attention for their nature to yield -OH under low
operating cost and moderate working conditions, among which the most presentative system
mainly proceeded via Fe(II)-initiated Fenton reaction or Fe(IlI)-catalytic Haber—Weiss reaction.®
Highly efficient Fenton process have been accordingly restricted by the narrow applicable pH
range and need for a suitable Fe?'/H20: ratio,” whereby the electron in Fe(Il) ions can be made
available for specific cleavage of the peroxide bridge in H20:2 rather than the unsatisfactory
quenching of as-produced ‘OH. Moreover, this reaction and its derivative (Fenton-like reaction)
inevitably results in the production of byproducts in mixture with the background matrix, such as
iron sludge production for environmental remediation,' increased purification difficulty of target
products for protein modification and chemosynthesis,>* and toxicity of byproducts (Cu*") to
healthy tissue for tumor therapy.” The phenomena are inherently regarded as another knotty
problem.

In its use in water purification, neutralization of as-treated water and disposal of byproducts (iron
sludge) certainly will impose further financial burden.” At the meantime, it is difficult to meet the
optimized conditions for efficient Fenton reactions, especially in the human body or a
chemosynthesis reactor. In addition to the removal of as-produced byproducts, the difference in
atmosphere is also a complication for the effective output of ‘-OH in the domains of tumor therapy

or chemosynthesis.® Although these problems seemed to be alleviated by substitution of the
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homogeneous Fenton reaction with the heterogeneous Fenton reaction,>° the rapid inactivation
and serious metal leaching of heterogeneous activators leads to short-lived Fenton processes. To
complement advancements in these fields, breakthroughs in achieving a byproduct-free, stable and
efficient H2Oz activation process that can operate at wide pH range are therefore urgently desired.
In view that the Fenton process preferably takes place in aqueous solution, the byproduct-free
activators must be only comprised of hydrogen (H), oxygen (O) or the derivatives.!? Unfortunately,
as a two-electron acceptor, H202 is more readily converted to the useless H2O molecule via the
two-electron reduction path,!' whereas the useful product (-OH) with high oxidation ability will
be harvested only if reaction proceeds through the one-electron reduction path. We thus focus on
well-known atomic H*, a one-electron donor, which possesses a redox potential (—2.10 V vs RHE)
that enables rapid transfer of an electron to H202,'* !* with -OH and H20 as products. Theoretical
calculations unravel that the reaction energy for this H202 activation is -1.344 eV, indicating that
the reaction can proceed spontaneously.

Atomic H”, a critical intermediate during the electrocatalytic water splitting reaction, can be
regularly produced through tuning the applied voltage.!* However, as highlighted by the typical
volcano plot for the hydrogen evolution reaction (HER), the as-generated atomic H* (Volmer
reaction) species prefer to bond with each other for subsequent H2 evolution (Heyrovsky reaction).
We therefore applied a strategy in which we would seek to optimize the formation energy required
for active metal sites to reach the desired Hz evolution, so that the generation of adsorbed (ads) or
absorbed (abs) H* in vicinity to the cathode can be utilized as a well-directed activator for efficient
conversion of H202 into *OH, and the as-produced ‘OH in this well-controlled activation approach
refrains from fast quenching in the conventional transition metal ion-initiated Fenton or Fenton-

like reactions.'> More importantly, the formation of atomic H" is independent of solution pH. In
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acidic conditions, atomic H* comes from the reduction of H', while H20O is the precursor in neutral
or alkaline solution, so that the H2O2 decomposition process can be extended to all pH levels.
Consistent with the theoretically predicted path H* + H202 — -OH + H20, operando liquid time-
of-fight secondary ion mass spectrometry (ToF-SIMS) further verifies that the reaction takes place
via the transition state of the Pd-H*-H202 adduct when using palladium (Pd) as mediator, thereby
lone electron in atomic H* is ready to inject into H202 to cleave the peroxide bridge. Using a scaled
atomic H*-rich cathode, we demonstrate production of -OH for stable oxidation of aqueous organic
contaminants which can be easily tuned by changing applied potential. In view that atomic H* can
be well-confined on the cathode over the entire pH range, the continuous supplement of a certain
amount of atomic H* from this electro-reduction configuration is an ideal approach for efficient
activation of H202 through a one-electron reduction path.

2. EXPERIMENTAL SECTION

Materials preparation. The Pd/graphite electrode was prepared by magnetron sputtering of a Pd
thin film with a thickness of 200 nm, followed by calcining at 200 °C for 120 min under hydrogen
atmosphere to firmly adhere the Pd film to the graphite substrate.

For electrochemical analysis, Pd/C particles were obtained by a chemical deposition approach. 1
mmol K2PdCls and 8 mmol sodium citrate were first dissolved in 200 mL ultrapure water. Then,
~400 mg of activated carbon (AC) was dispersed in the solution with ultrasonication for 30 min.
Next, 100 ml NaBHa with concentration of 100 mmol-L ™ was added dropwise to the above solution.
The obtained Pd/AC catalyst was filtered and washed, and finally dried in a vacuum oven at 60 <C
overnight.

Electrochemical analysis. In order to obtain a homogenous ink, 5 mg of the Pd/C catalyst was

dispersed in 1 mL of a Nafion-containing solution (comprised of 750 pL of water, 200 pL of
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isopropanol, and 50 pL of 5% Nafion solution) under ultrasonication for 30 min. A working
electrode was then prepared by dripping 5 pL of the catalytic ink on a glassy carbon electrode (3
mm in diameter) and drying at ambient temperature. Before electrochemical analysis, the working
electrode was activated by continuous CV cycling between -0.20 and 0.9 V at a scan rate of 100
mV s in a N2-saturated 0.1 M HCIO4 solution until a stable voltammogram was obtained.
Characterization. ESR analysis was carried out using a Bruker EPR 300E spectrometer with a
microwave bridge (receiver gain, 1x105; modulation amplitude, 2 G; microwave power, 10 mW;
modulation frequency, 100 kHz). The concentration of organics was determined by high
performance liquid chromatography (HPLC). The mobile phase and wavelength for organics
detection are displayed in Table S3. The Pd leaching was quantified by ICP-OES analysis. The
degradation intermediates during the chemical conversion process were identified by LC-MS
analysis. Total organic carbon (TOC) was measured using a Shimadzu TOC analyzer (TOC-VCPH,
Shimadzu, Japan).

Operando ToF SIMS analysis. The vacuum compatible micro-electrochemical cell was prepared
using the strategy in work of Long et. al. with some necessary modifications.'® 1" In brief, a liquid
chamber with a size of 6.0 5.5 x 1.0 mm (length > width < depth) was fabricated using a
Polydimethylsiloxane (PDMS) block. The quasi-reference electrode (QRE) and counter electrode
(CE) were both made of Pt wires (0.5 mm diameter and ~ 4.0 mm effective length each). Pd
working electrode (WE) was prepared with a 50 nm Pd layer on a 100 nm thick SiN membrane
attached on a silicon frame (7.5 x7.5 mm?, thickness 200 um) using a sputter coater. The area of
WE is ~ 4 mm?, which was connected to copper wires by conductive silver epoxy. The Pd-coated
SiN membrane and PDMS micro-chamber were irreversibly bonded via air plasma. After a desired

electrolyte was injected into the micro-electrochemical cell slowly with a micro-injector, cell was
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sealed and then transferred into main-chamber of ToF-SIMS for in-situ characterization. Operando
ToF-SIMS analysis was conducted on a ToF-SIMS V spectrometer (IONTOF GmbH, Germany).
A 30 keV Bis* primary ion beam with a target current of 0.35 pA was used for all analysis. Analysis
area was a circle with a diameter of 2 pm. Positive mass spectra were calibrated using CH*, CHz",
CHs™, C2Hs* and C2Hs".

Theoretical calculations. All the calculations were performed within the framework of density
functional theory as implemented in the Vienna Ab initio Software Package (VASP 5.3.5) code
with the Perdew-Burke-Ernzerhof generalized gradient approximation and the projected
augmented wave (PAW) method. The Brillouin zone of the surface unit cell was sampled by
Monkhorst-Pack grids, with a different k-point mesh for Pd bulk and Pd(111) structure
optimizations. Bulk-structured Pd and a Pd(111) facet were determined by 15x15x15 and 3>3x1
Monkhorst-Pack grids. Our calculated equilibrium lattice constant for bulk Pd is 3.920 A. The
convergence criterion for electronic self-consistent iteration and force was set to 10° eV and 0.01
eV/A. The climbing image nudged elastic band method was used to confirm the transition states,
with one imaginary frequency along with reaction coordinates. A 4>4 supercell of the Pd(111)
surface including 4 atomic layers was constructed to model the Pd catalyst in this work, with the
bottom two layers fixed in structural relaxation. A vacuum layer of 12 A was introduced to avoid
interactions between periodic images.

The adsorption energy (Eads) of the surface species is defined by:

Eads = Etotal - Esurface - Especies,

where Etwtal represents the total energy of the adsorbed species with catalyst surface, Esurtace is the

energy of the empty Pd(111) surface, and Especies iS the energy of the species in the gas phase.
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3. RESULTS AND DISCUSSION

Activation Feasibility of H20, with atomic H*. To experimentally verify this electrochemical
conversion process, Pd/C catalyst from a modified chemical deposition method was applied for in
situ electrochemical monitoring the fate of atomic H* (Text. S1). SEM and XPS analysis of the
Pd/C catalyst revealed that Pd nanoparticles were tightly attached to the conductive carbon
particles (Fig. S1). Meanwhile, exposure of Pd (111) facets theoretically endowed the catalyst with
a high capacity for the provision of atomic H* with the application of a negative potential.'® Before
cyclic voltammetry (CV) analysis, working electrode with a thin film of Pd/ C catalyst on a rotating
disk glassy carbon electrode was activated through continuous CV cycles until a stable
voltammogram was obtained (Text. S2, Fig. S2). With varying starting potentials from -0.70 V to
-1.20 V (vs Ag/AgCl, the same below) during CV analysis, the generated H* species in the
reduction stage were oxidized in oxidation stage. Fig. 2a shows three oxidation peaks in positive
scans, located in potential ranges of —0.80 to —0.60 V, —0.30 to —0.10 V, and —0.10 to 0.10 V. These
peaks referred to the oxidation of molecular Hz at —0.80 V, absorbed H*abs at —0.30 V, and adsorbed
H*,45 at —0.10 V (Fig. S3), respectively.!® With the addition of H20z, the observed oxidation peak
for H*abs at -0.30 V was derived from the generation of atomic H* via Vo/mer process, while the
disappeared peak for H*ags at -0.10 V was mainly due to fact that H2O2 strongly scavenged H*ads
(Fig. 2b).

A two-cell electrochemical reactor was constructed for direct identification of the produced radical
in the reaction of H202 with atomic H* using Pd/graphite as working electrode (cathode), Ag/AgCI
electrode as reference electrode and graphite as the counter electrode (Text. S3). Electron spin
resonance (ESR) analysis using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as spin-trapping

reagent has been performed in various systems.?’ As shown in Fig. 2¢, nine characteristic peaks of
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DMPO-H were observed in the electro-reductive system using Pd/graphite cathode,'” indicating
the formation of atomic H*. After the introduction of H20: into the system, a typical four-line ESR
spectrum of DMPO-OH with an intensity of 1:2:2:1 was recorded while the signals of DMPO-H
disappeared,?! suggesting the emergence of -OH with consumption of atomic H*. At the meantime,
the conversion pathway of a typical molecule, 2,4-dichlorphenol (2,4-DCP), were analyzed using
liquid chromatography-mass spectrometry (LC-MS) to identify the reactive species in this system
(Text. S4). In the absence of H202, only the intermediate of phenol can be detected in the
degradation process (Fig. S5), which was representative product of atomic H* dominated
dechlorination reaction.® In the presence of H202, the products of 3,5-dichloro-1,2-hydroquinone,
4,6-dichloro-1,3-hydroquinone, or 2,4-dichloro-1,3-hydroquinone were resulted from the
electrophilic hydroxylation of 2,4-DCP at ortho- and para- positions, which was identical to the
‘OH oxidation mechanism (Table. S1).22 The result further confirmed that a considerable amount
of H202 was activated to *OH with the sacrifice of atomic H*.

Operando ToF-SIMS analysis. For better understanding of activation mechanism of H202 on Pd
cathode at a molecular level, we used a micro-electrochemistry (micro-EC) cell (Fig. S6) to couple
with the operando liquid time-of-flight secondary ion mass spectrometry (ToF-SIMS).?* In this
micro-EC cell, a 50 nm-thick Pd layer was used as working electrode (WE), and Pt filaments were
respectively applied as counter electrode (CE) and quasi-reference electrode (QRE). After being
filled with deoxygenated H20O:2 solution at a solution pH of 3.0, the whole cell was sealed and
mounted onto a customized sample holder before placing in the ToF-SIMS vacuum chamber. A 2
um micropore for sampling was drilled through the Pd-coated SiN membrane using a focused Biz"
primary ion beam (Fig. 3a). Surface tension would hold the liquid in the micropore, preventing

fast evaporation or splashing of liquid.!® Thus, the micropore allows in-situ analysis of the
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electrode-electrolyte interface (EEI) during a dynamic potential scan by ToF-SIMS analysis. The
micro-EC cell was connected to an electrochemical workstation outside of vacuum, allowing the
application of a potential on the Pd-coated micro electrode.

Under the open-circuit potential, some regular secondary ions, including solvated proton species
(H*(H20)m), could be detected, and their intensities were relatively constant as the time progressed,
indicating the formation of stable EEI due to self-renewable liquid surface (Fig. S7). After the
stabilization of the in-situ monitor system on EEI, consecutive CV scans between 0.2 V to -0.8 V
were performed on the working electrode for operando discrimination of the critical intermediates
on the Pd cathode under given potential conditions. With CV scans applied, Pd-containing species
that appeared, such as Pd*, (Pd-Hz)" and (Pd-H)", were mainly derived from adsorbed ions or
molecules on the Pd surface. In order to correct the slight shift from the effect of charge
accumulation or microbubbles produced during the signal collection process, the observed peaks
were subsequently normalized via comparison of their intensities with the intensity of the Pd*
reference. As shown in Fig. S8, the intensity of the peak for (Pd-Hz)", referring to hydrogen
evolution reaction, showed a periodic change with the variation of applied potential. At negative
potential, the intensity achieved at the peak value increased at the potential of -0.8 V, while it
regressed to original level near 0.2 V. As secondary precursor of Pd-Hz, the intensity of Pd -H*
should theoretically exhibit a similar trend as Pd-Ha. Differently, the normalized intensity of Pd-
H* was almost maintained at the same level in the following scans. Moreover, in view fact that Pd
is associated with a superior catalytic Volmer reaction (H*), the peak fluctuation ought to be more
dramatic in contrast to that for Pd-H>. However, the difference between the peak (at negative
potential) and valley (at positive potential) seemed to be weakened. These abnormal phenomena

might be reasonably ascribed to as-generated H* being in-situ converted by the H20o.
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At the meantime, a signal assigned to Pd-H3O:z appeared at the open-circuit potential. Remarkably,
with the negative potentials applied on the working Pd electrode, the intensity was increased and
accordingly reached a peak at the potential of -0.8 V (Fig. 3b). Similarly, we also recorded the
signal change of Pd-H3O: with varying applied potential, and the intensity was periodically
changed when the potential cycled back to 0.2 V. However, in sharp contrast to the gentle variation
in Pd-H intensity, the violently fluctuating peak suggested that the Pd-H3O2 was a combination of
atomic H* on Pd surface and H202 from solution, which should be the critical intermediate in the
pathway of H* + H202 — -OH + H20. Furthermore, density functional theory (DFT) calculations
were simultaneously performed to elucidate H2O: activation process. Due to the favorable bonding
of H* in the Pd (111) lattice, only the energy barrier of ~0.92 eV was required for formation of the
Pd-H30:2 adduct (Fig. 3e). In a subsequent step, rapid electron transfer between atomic H* and
H202 spontaneously took place, according to the charge density analysis (Fig. 3d), with a negative
reaction energy of -1.67 eV. The O-O bond (/0-0) of Pd-H*-H202 adduct is lengthened from 1.469
A (H202) to 1.730 A, indicating the cleavage of the O-O bond in the H202-H* adduct accompanied
with the formation of *OH and H20. With further consecutive CV scans, the intensity of Pd-H3O2
exhibited period changes, indicating that the generation of Pd-H3Oz can be easily tuned simply by
changing the applied potential.

Application of green process for organics degradation. Based on the mechanism revealed above
for green Fenton, we utilized a two-cell electrochemical reactor for producing -OH and oxidizing
organics under a deoxygenated atmosphere (Fig. S9).2* Here, we used the refractory benzoic acid
(BA) as the probe of -OH due to its high kinetic rate constant for reaction with ‘OH,* as well as
its inertness to Pd-activated H202. As shown in Fig. S10, with the addition of 50 mmol-L™! H202,

49.03% of BA was degraded using the Pd cathode at only -0.6 V (vs Ag /AgCl). A modified first-
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order kinetics model (k value) based on the degradation rate was used to evaluate the activation of
H20>. The higher k value (0.1567 h') in the green Fenton process than the sum of those in the
individual processes (0.0291 hland 0.0599 h'') indicates that the Pd-cathode and H20:2 had
synergetic effects on ‘OH production (Fig. 4a). With an increase in the applied potential on cathode
to -1.2 V (vs RHE), the k value was further increased to 0.3327 h”! owing to the increasing amount
of atomic H* on the Pd cathode with decreasing potential (Fig. S11). Meanwhile, TOC removal
increased from 0.029 ppm (-0.6 V) to 1.273 ppm (-1.2 V). Quenching experiments using methanol,
ethanol and Oz revealed that ‘OH and atomic H* played significant roles in the oxidation process
of BA by H20> (Fig. $12).2?8 In particular, the nearly complete inhibition of BA degradation by
methanol and ethanol excluded the possibility of a non-radical oxidation process or other reactive
oxygen radicals. The results are consistent with the role of -‘OH as reactive oxygen radical and
atomic H* as an activator for H202 in the green Fenton process. The system was further evaluated
by degrading several model pollutants. As shown in Fig. S13, all the organics could be almost
completely degraded in 3 h at a low potential. Moreover, the green Fenton process with negligible
loss of catalytic sites (Pd concentration in solution was lower than detection limit of inductively
coupled plasma atomic emission spectroscopy) can be applied in various working conditions.
Pd/graphite electrode was revealed to be stable enough by comparing the Pd species and most
exposed facet of the used electrode with fresh one (Text S5), the Pd species and Pd facet were
shown to be Pd® and Pd(111) through the green Fenton reaction.

More importantly, a strict pH requirement in conventional Fenton or Fenton-like ‘OH production
processes is mainly due the fact that the active species (eg. FEOH" in Fenton process or =FeOH2"
in FeEOOH-Fenton process) is readily deactivated when the operation condition deviated from

optimized pH,*- ** which results in extra financial input for adjusting pH value (Table S2).

13



272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

However, the atomic H* comes from the reduction of H" ions in acidic conditions, while H20 is
the precursor in neutral or alkaline solution. According to results of CV scans under different pH
conditions, the peaks attributed to H*ads and H*abs can be easily observed at characteristic potentials
(Fig. 4b). After addition of H202, the sharp decrease in H*ads intensity indicates that the activation
of H202 by atomic H* can take place over a wide pH range. For comparing the sensitivity of
different ‘OH production systems to pH, we standardized the kinetic constants by dividing these
values by optimal kinetic constant and plotted the relative £ vs solution pH in various processes.
In stark contrast to the narrow pH application range for the conventional Fenton or Fenton-like
reaction, Fig. 4c shows that green Fenton has gentlest change on the relative & in a wider pH range
due to the inherent nature of atomic H*. The property can lower the cost of water purification or
other applications on the pH adjustment to optimal pH before the reaction, and to circumneutral

condition after the reaction, compared to traditional Fenton process.
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Fig. 2. The interaction of H202 with atomic H*. (a) Identification of various active hydrogen
species by CVs of Pd/C catalyst; (b) CVs of Pd/C catalyst without or with H202 addition; (H20x,
4 mM; Na2SOs, 50 mmol-L™; solution pH, 7.0; scanning rate, 10 mV/s; deoxygenated atmosphere)
(c) reactive intermediates detection by ESR analysis in various systems. (Na2SO4, 50 mmol-L?;

deoxygenated atmosphere)
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Fig. 3. Insight into the reaction mechanism of H202 with atomic H* on Pd surface. (a) Schematic
of in-situ liquid ToF-SIMS coupled with an electrochemical workstation for monitoring EEI during
Fenton process. (b) Intensity of Pd-HsO2 analyzed by ToF-SIMS during cyclic voltammetry in
potential range from 0.20 to -0. 8 V. (3 cycles for CV; Na2SO4, 1 mmol-L?; H202, 5 mmol-L?;
solution pH, 3.0) (c) Model of green Fenton process on the Pd(111) surface and the mechanism of
the green Fenton process revealed by operando ToF-SIMS analysis; (d) Charge density difference
of H202 and H*-H202 adduct. (e) Free energy change of the H*-initiated Fenton process on surface
of Pd (111).
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409  deoxygenated atmosphere) (C) Sensitivity comparison of green Fenton process with previous
410  Fenton/Fenton-like processes to solution pH. (Relative k equals to the division of kinetic constants
411 by that of optimal solution pH.)
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