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Amorphous Pd-Loaded Ti4O7 Electrode for Direct Anodic 
Destruction of Perfluorooctanoic Acid 

Dahong Huang, Kaixuan Wang, Junfeng Niu,* Chiheng Chu, Seunghyun Weon, Qianhong Zhu, 
Jianjiang Lu, Eli Stavitski, and Jae-Hong Kim* 

ABSTRACT: We here present a novel Ti4Orbased electrode loaded with 
amorphous Pd clusters that achieve efficient anodic destruction of 
perfluorooctanoic acid (PFOA), a persistent water pollutant with significant 
environmental and human health concerns. These amorphous Pd clusters 
were characterized by the disordered, noncrystalline arrangement of Pd 
single atoms in close proximity, in contrast to crystalline Pd nanoparticles 
that have been often employed to tailor the electronic properties of an 
electrode. We found that the Ti4O7 electrode loaded with amorphous Pd 
clusters significantly outperformed the Ti4O7 electrode loaded with 
crystalline Pd particles due to enhanced electron transfer through dominant 
Pd-O bonds. Combined with the efficient binding of PFOA and its 
degradation intermediates to the fluorinated electrode surface, this electrode 
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was capable of mineralizing PFOA and releasing fluoride as F-. The reaction pathway was found to proceed without involving 
reactive oxygen species and therefore was not quenched by common anions in complex natural water systems such as chloride ions. 

■ INTRODUCTION

Perfluorooctanoic acid (PFOA, C7F15COOH) is one of the 
several poly- and perfluoroalkyl substances that are widely used 
as surface-active ingredients in fire retardants, processing 
additives, and coatings.1'2 Strong intramolecular C-F bonds 
( 485 kJ/mol)3'4 that bestow the chemical inertness desired for 
these applications also make PFOA extremely persistent in 
nature and resistant to biodegradation and redox schemes 
employed in municipal water and wastewater treatrnent.5'6 

Consequently, PFOA is widely detected in various environ­
mental compartments across the globe from subsurface to 
drinkin� water sources. Bioaccumulation in wildlife and
humans as well as growing evidence of carcinogenicity, 
immunotoxicity, and endocrine disruption8'9 have raised
significant environmental and human health concerns. Accord­
ingly, research efforts to develop cost-effective techniques to 
treat drinking water sources polluted with PFOA have been 
rapidly expanding. 

Past studies suggest that PFOA can be relatively effectively 
removed from contaminated water by adsorption10- 13 and
membrane processes.14'15 These nontargeted physical separa­
tion processes, however, produce PFOA-laden solids and 
concentrate water, requiring additional treatment and disposal 
strategies. 16 Technologies that can destroy PFOA molecules in 
contaminated water, either before or after physical separation, 
have been pursued in recent studies. For example, reductive 
techniques that take advantage of the strong electronegativity of 
the F atom have been explored to cleave the C-F bonds by 

attacking the electrophilic C atom with nucleophiles such as 
hydrated electrons (e.4-) from UV/r or UV/So/- pro-

11-19 d H b d s•c 20 21 H -cesses an atoms oun on 1 • ' owever, e.4 -
mediated reduction suffers from a high energy requirement and 
low efficiency due to inhibition by the side reactions with various 
water constituents including dissolved oxygen.22 Reactive Si-H 
bonds exhibit high selectivity for C-F bond activation, but F 
atoms gradually block the dangling Si terminals on the SiC 
surface during the hydro-defluorination process (i.e., redis­
tribution ofSi-H/C-F into Si-F/C-H); this inevitably results 
in the decrease of catalytic activity over time.3 

Another strategy relies on oxidative degradation of PFOA 
through sonolysis,23 microwave-hydrothermal decomposition 
(with S2O/-),24 photocatalysis (TiO2-based,25'26 ln2O3-based
catalysts,27'28 and Bi3O( OH)(PO4)/9) and electrochemical
oxidation (B/N codoped diamond,30 Ti/SnO2-Sb-Bi,31 Ti/
SnOi-Sb/PbO/2). Among these techniques, electro-oxidation 
is considered most promising in terms of the potential to 
modularize the system, relatively higher energy efficiency, no 
need for chemical addition, and ease of operation. 33,34 However, 
the current benchmark diamond-based electrode material is 



prohibitively expensive (~$7000/m2).35 Alternative materials 
such as Sn02 and Pb02 have been developed, but commercial 
implementation is inhibited due to their relatively short 
lifetime36 and potential risks of metal leaching.37 Ceramic
electrodes based on substoichiometric titanium oxides 
(Ti"02"_11 4 � n � 10),38 in particular Magneli phase Ti407, 
have recently emerged as favorable electrode materials.35 

Oxygen vacancies in this oxide structure promote superior 
electrical activity and conductivity (1000 S/cm) as well as 
chemical stability.39

'
40 Ti407 can be readily produced from 

commercially available and relatively inexpensive Ti02; a lab­
scale Ti407 electrode can be 

1 
synthesized at an extremely low 

material cost ( ~$0.36/m2).4
This study presents a new strategy (i.e., instead of optimizin§

the morphology of Ti407 material, such as macroporous Ti40/ 
or Ti407 membrane35) to drastically improve the efficiency of
Ti407 electrode for PFOA electro-oxidation. We first fluorinated 
Ti407 electrode surfaces to make them hydrophobic for 
enhanced surface interaction with PFOA and prevention of 
undesired side anodic reactions. Then we loaded Pd catalysts 
onto the Ti407 electrode as an amorphous cluster (amorphous 
Pd) that lacks any crystalline feature ( crystalline Pd). Compared 
to crystalline Pd nanoparticles that have been widely considered 
as a benchmark to enable the catalytic function of an electrode 
and enhance electron transfer,43'44 amorphous Pd clusters
exhibit unique properties that help to destroy PFOA on the 
surface of the electrode. We present the results of detailed 
material characterization of amorphous Pd in contrast to 
crystalline Pd catalysts. We further discuss the mechanism of 
PFOA oxidation to carbon mineralization and F- ion release that 
does not involve radicals, which is also uniquely beneficial for the 
water treatment application of electrocatalytic systems. 

■ MATERIALS AND METHODS

Reagents and Materials. PFOA (98% purity), palladium
chloride (PdCli., 5 in 10 wt % HCI solution), chloroplatinic acid 
(H2PtCl6, 8 wt % in H20), and cobalt nitrate (Co(N03

)
2·6

H20) were obtained fromJ&K Scientific. Acetonitrile ( C2H3N, 
99.8% purity), methanol (CH30H, 99.7% purity), ammonium 
acetate (C2H7NOi., 99% purity), phosphoric acid (H3P04, 85% 
purity), and disodium hydrogen phosphate (Na2HP04, 99% 
purity) were purchased from Sinopharm. 5-tert-Butoxycarbonyl-
5-methyl-l-pyrroline-N-oxide (C10H17N03, BMPO) and 5,5-
dimethyl-1-pyrroline-N-oxide (C6H11NO, DMPO) were pur­
chased from Dojindo Laboratories. 2,3-Bis(2-methoxy-4-nitro-
5-sulfophenyi)-2H-tetrazolium-5-carboxanilide inner salt
( C22H16N7Na013Si., XTT sodium salt), sodium fluoride (NaF, 
99% purity), and terephthalic acid (C8H604, TPA) were 
obtained from Sigma-Aldrich. All chemicals used in the 
experiments were reagent grade or higher and used as received 
without further purification. Suwannee River natural organic 
matter (SR-NOM) and Pahokee Peat humic acid (PPHA) were 
obtained from the International Humic Substances Society 
(IHSS). Experimental solutions were prepared using ultrapure 
water (>18.2 MQ cm) from Milli-Qsystem. 

Synthesis of Catalysts. The Ti407 electrode was obtained 
from Deqing Chuangzhi Technology Co. Ltd. According to the 
manufacturer, the Ti407 powder was loaded onto a Ti plate by 
an XM-80 plasma spraying apparatus under the following 
conditions: voltage = 60 V; current = 550 A; argon flow rate = 
2000 L/h; hydrogen flow rate = 150 L/h; carrier gas flow rate = 
600 L/h; and Ti407 feeding rate= 30 g/min. The as-prepared 
Ti407 electrode was washed with ethanol/water three times and 

dried in air. The surface of the electrode was further fluorinated 
following the previously reported method45 ( see more details in 
Text S 1 and Figure S2). A control experiment ( i.e., electrolysis of 
Na2S04 solution, Figure S3) confirmed that F- did not leach out 
during electrochemical use of F-coated Ti407 electrode. 

A metallic catalyst (Pd, Pt, or Co) was then electrodeposited 
using an electrochemical workstation (Bio-Logic Science 
Instruments) with the Ti407 electrode (50 mm X 50 mm), 
the Pt foil, and Ag/ AgCI as working, counter, and reference 
electrodes, respectively. The electrolyte was prepared by adding 
1 mL of precursor solution ( 10 mM, H2PtC�/H2PdCl4/ 
Co(N03)2) to 29 mL of Na2S04 (50 mM) solution under 
sonication at room temperature. The deposition process was 
carried out over 15 cyclic voltammetry ( CV) cycles at a voltage 
range from +0.3 to -0.3 V ( versus the standard hydrogen 
electrode (SHE)) and a scan rate of 100 mV/s. This cyclic 
electrodeposition method helps to modify the metal state via the 
continuous cathodic deposition and anodic dissolution.46'47 The
electrodes were then taken from the electrolyte, washed in 
deionized water, and dried at 393 K under atmospheric 
conditions. For the deposition of Pd in the nanoparticulate 
state, the Ti407 electrode was immersed in a mixture of 1 mL of 
H2PdCl4 ( 10 mM) and 29 mL of H20 to which 1 mL of 
hydrazine was added, drop by drop under stirring. The Ti407 

electrode was then washed with deionized water to remove any 
impurities and dried at 393 K 

Electrode Surface Characterization. The high-resolution 
transmission electron microscopy (HRTEM) images were 
obtained using a Titan Cubed Themis G2 300 at 100 kV. 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 20 range of 10-
800. X-ray photoelectron spectroscopy (XPS) analysis was 
conducted using an ESCALAB 250Xi XPS system with a 
monochromatic Al Ka radiation (1486.6 eV). The X-ray 
absorption fine structure (XAFS) spectra at the Pd K-edge 
were measured at Beamline 8-ID of the National Synchrotron 
Light Source II at Brookhaven National Laboratory. The energy 
was calibrated with a Pd foil. The sample was pressed into a 
pellet and sealed in Kapton films. The data were collected at 
room temperature under fluorescence mode using a passivated 
implanted planar silicon (PIPS) detector and analyzed by 
Athena software (Text S2). The contact angle of electrodes was 
measured using a POWEREACH instrument ( Shanghai 
Zhongchen Digital Technology Apparatus). 

Electrochemical Experiments. PFOA decomposition 
experiments were conducted using a two-electrode electro­
chemical cell ( electrode surface area = 25 cm2 ( 50 mm X 50 
mm); volume= 30 mL; distance between anode and cathode= 
10 mm) with a Ti40rbased electrode and a Ti plate as anode 
and cathode, respectively. The pH was adjusted by 50 mM 
phosphate-buffered saline (PBS, details in Text S3). A control 
experiment confirmed that the PFOA evaporation during the 
reaction was negligible. All experiments were performed in a 
batch mode at a constant current intensity of 10 mA/ cm2 under 
stirring at 800 rpm. The potential remained stable at 6 V within 
the first 10 cycles of repeated use. PFOA 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, 5 µm). The mobile 
phase consisted of 7 :3 ( v /v) mixture of acetonitrile and 20 mM 
Na2HP04 (pH adjusted to 2 with H3P04). PFOA was detected 
based on absorption at 210 nm. The intermediate products were 
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Figure 1. Low-resolution TEM images of (a) Ti4O7 /Pd-A and (b) Ti4O7 /Pd-C and (c) size distributions. The HRTEM images and diffraction 
patterns of ( d) Ti4O7 /Pd-A and ( e) Ti4O7 /Pd-C. The XRD patterns of (f) pristine Ti4O7, Ti4O7 /Pd-C, and Ti4O7 /Pd-A; the characteristic plane 
of the (200) at 46.7° indicates the Pd crystal phase, and XRD peaks (PDF#50-0787) indicate the high purity ofMagneli phase Ti4O7• Both Pd-C and 
Pd-A in the images were regarded as spherical in shape for statistical analysis of size distributions. 
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Figure 2. (a) Pseudo-first-order kinetic plots of PFOA with pristine Ti4O7, Ti4O7 /Pd-A, and Ti4O7 /Pd-C electrodes. (b) Repetitive use ofTi4O7/ 

Pd-A anode toward PFOA decomposition. After each cycle in this experiment, the electrode was washed with methanol and deionized water and then 
directly subjected to the next cycle. ( c) PFOA decomposition with Ti4O7 /Pd-A anode under different pH values (5.2, 6.3, 7.2, 8.0, 9.1). pH 7.2 is the 
duplication ofTi4OiPd-A curve in a. (d) Effect of common anions (50 mM) and NOMs (5 mg /L) in natural waters on the PFOA decomposition, 
so/- is the duplication ofTi4OiPd-A curve in (a). Conditions: current intensity= 10 mA/cm2, PFOAconcentration = 0.12 mM, pH= 7.2 (5.2, 6.3, 
8.0, 9.1 for different pH value experiments, all pH values were adjusted by PBS), electrolyte= 50 mM Na2SO4 (NaCl or NaNO31 for different anion 
experiments), and temperature= 25 ± 1 °C. 

analyzed by triple-stage quadrupole mass spectrometry (TQ 
MS/MS; more details in Text S4 in the Supporting 
Information). 

Analytical Methods. Free chlorine (HClO and Clo-) was 
measured using a HI97710 Free Chlorine Photometer (Hanna 
Instruments) based on the N,N-diethyl-p-phenylenediamine 



(DPD) method. Electron paramagnetic resonance (EPR) 
analyses were conducted with the ESR-300E spectrometer 
(Bruker Instruments) using DMPO and BMPO as spin-trapping 
agents for "OH and 02•-, respectively. The concentration of 
"OH was measured by quantifying the hydroxylated product of 

TPA (1 mM; k = 3.3 x 109 M-1 s-148) using HPLC. The 
quantitative analysis of 02 •- was performed using as a probe 
XTT sodium salt (100 µM), which reacts with 02•- to generate 
XTT-formazan (,lmax = 470 nm). The concentration of F- was 
determined by ion chromatofiraphy (Dionex ICS-1100)
equipped with Dionex IonPac M ASll-HC Analytical and 
AGll-HC Guard columns (details in Text S5 and Figure S1). 
The total organic carbon (TOC) was measured using a 
Shimadzu TOC-L-CPN analyzer according to the 680 °C 
combustion catalytic oxidation method. The electrochemical 
characterization of the electrode was performed using a 
Metrohm PGSTAT204 electrochemical workstation under CV 
mode. The three-electrode electrochemical cell consisted of 
Ti4O7/Pd electrodes ( working), a Pt foil (counter), and an Ag/ 
AgCl electrode (reference); 0.5 M Na2SO4 solution was used as 
an electrolyte. 

■ RESULTS AND DISCUSSION

Material Characterization. TEM analysis confirmed that
Pd particles were loaded uniformly across the surface of the 
Ti4O7 substrate by either electrodeposition (Figure la) or 
chemical reduction (Figure lb). The average diameters of the 
Pd particles were estimated to be 2.2 and 1.8 nm, respectively 
(Figure le). While these particles appeared similar in low­
resolution images, they displayed distinctive features in HRTEM 
images. Pd particles synthesized by electrodeposition exhibited 
disordered, amorphous distribution of Pd atoms (Figure ld). 
The amorphous feature was consistent with the halo-like 
anisotropic diffraction pattern observed in selected area electron 
diffraction ( SAED) analysis. 49 Additional images provided in 
Figure S4 further demonstrate the uniform dispersion of 
amorphous Pd (hereafter referred to as Pd-A) on the Ti4O7 
substrate. In contrast, Pd particles synthesized by chemical 
reduction exhibited ordered, crystalline structure with a clear 
interplanar spacing (Figure le). The lattice spacing of 0.225 nm 
corresponded to the (111) facet. These observations coincided 
with XRD analyses shown in Figure lf. Pd-A lacked the 
diffraction peaks that were characteristics of crystalline Pd (Pd-
C). 

Kinetics of PFOA Electro-oxidation. Loading Pd-A onto 
the Ti4O7 electrode significantly improved the anodic 
destruction of PFOA (Figure 2a). The pseudo-first-order rate 
constant (kPFOA) increased by nearly 5 times from 0.41 ± 0.02 
h-1 for pristine Ti4O7 electrode to 2.02 ± 0.04 h-1 for Ti4O7/ 
Pd-A electrode. Loading Pd-C also increased the kinetics, but 
only by a small margin, to 0.60 ± 0.02 h-1. Other metals such as
Pt and Co loaded onto the Ti4O7 electrode by electrodeposition 
also enhanced the PFOA destruction kinetics but to a much 
lesser extent than Pd-A (Figure S5). The Ti4O7/Pd-A 
electrode maintained this high PFOA destruction kinetics over 
10 cycles of repetitive use (Figure 2b). The kinetics changed 
only marginally across a broad pH range from 5.2 to 9.1 (Figure 
2c) and in the presence of background constituents such as 
NO3-, so/-, Cl-, and NOM (e.g., SR-NOM and PPHA­
NOM) (Figure 2d).50

•
51 

Role of Radicals. The past electrochemical studies, even 
with Ti4Orbased electrodes, correlated PFOA decomposition 
mainly to in situ generated "OH.42'52 However, we found that

PFOA destruction in this work was not the result of oxidation by 
"OH. In fact, "OH radical was not generated in our system. The 
EPR analysis (Figure 3a) and probe compound oxidation 
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Figure 3. (a) EPRdetections of"OH DMPO. Samples were taken after 
15 min electrolysis of 50 mM Na2SO4• (b) Quantitative measurements 
of 0OH generation with TPA as the probe. Conditions: current 
intensity= 10 mA/ cm 2, TP A = 1 mM, XTT salt = 100 µM, electrolyte = 
50 mM Na2O4, pH = 7.2, temperature = 25 ± 1 °C. 

kinetics (Figure 3b) suggest that anodic "OH generation was 
nearly completely inhibited in both Ti4O7/Pd-A and Ti4O7/ 
Pd-C electrodes compared to a pristine Ti4O7 electrode. This 
inhibition is not due to Pd catalysts whose primary role is 
electron-transfer mediation.43•44 Instead, sigrlificantly more
hydrophobic electrode surface (Figure S6) due to surface 
fluorination (performed during electrode preparation)53 likely
inhibits water adsorption, eliminating the formation "OH (both 
adsorbed "OH and "OH released into solution) from water 
anodic oxidation (H2O ➔ "OH + e- + H+).54•55 For the same
reason, oxygen evolution reaction (OER; 2H2O ➔ 02 + 4e- +

4H+) was also inhibited in both Ti4O7/Pd-A and Ti4O7/Pd-C 
electrodes (Figure S7). 

The observation that "OH was not formed in this system is 
consistent with the fact that PFOA electro-oxidation was not 
inhibited by the presence of Cl- (Figure 2d). If "OH was 
produced in the solution, it would preferentially oxidize c1- such 
that PFOA would not be decomposed until all of the c1- was 
converted to chlorate.5 We also did not observe the formation of
c1- oxidation products such as hypochlorous acid (Figure S8), 
which suggests Cl- was not anodically oxidized. This is likely 
related to the limited interaction of c1- with the extremely 
hydrophobic anode surface due to surface fluorination. Another 
potentially important oxidizing species is 02 •-, which has been 
reported to be capable of oxidizing PFOA 56 Whether or not



oi9- can actually degrade PFOA, we did not observe any 02 •­

formation in our cell using EPR analysis or probing agent 
oxidation (Figure S9). These results collectively suggest that 
PFOA decomposition in this reaction system was not driven by 
radicals but by direct oxidation at the anode. 

Mechanism of PFOA Electro-oxidation. Carbon mass 
balance (Figure 4a; 89.1 ± 9.2% recovery) suggests that 81.3 ± 
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Figure 4. Mass balance of (a) carbon element and (b) fluorine element 
during the decomposition process with Ti4O7/Pd-A, conditions: 
current intensity = 10 mA/cm2, PFOA concentration = 0.12 mM, 
electrolyte= 50 mM Na2SO4, pH= 7.2, and temperature= 25 ± 1 °C. 

6.5% carbon converted to CO2 as the final product, as 86.7 ± 
6.3% of PFOA was oxidatively destroyed over 60 min of 
electrocatalysis. Fluorine mass balance (Figure 4b; 80.7 ± 5.9% 
recovery) suggests that PFOA oxidation was accompanied by 
the release of77.9 ± 3.2% of fluorine as F-. The concentrations 
of short-chain perfluorocarboxylic acids ( e.g., C3F7Coo-, 
C4F9COO-, C5F11Coo-, and C6F13COO-) determined by 
TQMS/MS were found to be extremely low (Figure SIO), 
indicating their negligible contributions to overall carbon and 
fluorine mass balance. Theoretically, after a complete PFOA 
electro-oxidation, all F atoms would be released into the solution 
as F-, and all C atoms would be converted into CO2•2 The 
fluorine mass balance is slightly lower than the carbon mass 
balance, which can be ascribed to the possible formation of 
volatile species such as trifluoroacetic acid ( CF3Coo-, TFA) 
and pentafluoropropionic acid (C2F5Coo-, PFPA). 

Loss of carbon from PFOA to produce CO2 is consistent with 
the first step of anodic oxidation of PFOA following the Kolbe 
one electron-transfer reaction ( eq 1 ).2 Note that since p.K, value 
of PFOA is close to O, 57 PFOA would be ionized into PFOA -
throughout the experiments. This reaction has been proved to 
be impossible to drive through "OH oxidation, 3 1'32 which is why 

PFOA cannot be effectively oxidized in conventional advanced 
oxidation processes that employ "OH as the main oxidant ( e.g., 
UV/H2O2 and O3

/H2O2). 

(1) 
Conversion of C7F15" intermediate (the product of eq 1) to 
C7F 15OH has been proposed to involve "OH ( C7F 15 • + "OH➔ 
C7F15OH) in an electrocatalytic system where abundant "OH 
formation was observed.2 In our system, where there is no 
evidence of"OH formation, we speculate that this conversion is 
likely to be electrocatalytically driven. Recent work on the 
decomposition of hexafluoropropylene oxide dimer acid 
(HFPO-DA, structured similarly to PFOA) suggested a 
possibility that electron transfer can drive the entire cycle of 
PFOA electro-oxidation.58 The first step is likely to involve
anodic oxidation of C7F15 • to C6F13cC+JF2 (eq 2), similar to the 
non-Kolbe two-electron transfer.59'60 Due to the high electro­
negativity of F, the resulting carbenium ion ( c( + l) becomes 
more electron-deficient and extremely unstable. C6F13c(+)F2 

would therefore rapidly bind with H2O to form the 
corresponding alcohol, C6F13CF2OH (i.e., the same as 
C7F 15OH; eq 3), via an electrochemical Hofer-Moest 
reaction. 61 

(2) 

(3) 

(4) 
Loss of fluorine through C-F bond breakage is believed to 
involve this unstable intermediate: perfluoroheptanol 
(C7F15OH). The anode would withdraw one electron from 
the terminal -OH function group, leading to the formation of 
C6F13COF (eq 4). The extremely unstable F" would react with 
H2O to form an F- ion. Due to the stability of the C-F bond, 
acyl fluorides ( C6F 13COF) are relatively stable against 
hydrolysis.62'63 Instead of direct hydrolysis into C6F13COOH 
as reported, 3 1 it is more reasonable to postulate in the case of 
electro-oxidation that C6F13COF undergoes another electron­
transfer r.rocess to form C6F13c(+)o(•JF (eq 5). The terminal
-c(+)o •JF carbonyl is highly polarized. Therefore, a positively
charged carbon would be readily attacked by the nucleophilic 
H2O molecule that acts as an electron donor. H2O binds to the 
partially positive carbon atom to form a highly unstable ionic 
intermediate via a C-O bond. Simultaneously, the electron 
from H atom transfers to the oxygen atom ( with the unpaired 
electron) to give it a negative charge (eq 6), releasing one 
proton. Subsequently, one of the lone pairs of electrons from the 
negative oxygen atom shifts back to reform the C=O carbonyl 
bond and the C-F bond pair moves onto the F atom, which 
leaves as F- ( eq 7). Finally, a proton would be subtracted to form 
the short-chain perfluorinated carboxylic radical ( C6F13COO") 
(eq8). 

(5) 

c R c(+lo(•JF + H o ➔ c R co<-JF - o(+JH + H+ 
6 13 2 6 13 

c R co<-JF - o<+JH ➔ c R co - o(+JH + F-6 13 6 13 

(6) 

(7) 

(8)



The series of reactions ( eq 1) through ( eq 8) results in the loss of 
one CF2 unit from PFOA. The product of eq 8 undergoes 
another cycle for the subsequent loss of another CF2 unit. This 
cycle reaction pathway does not involve radicals such as •ott 
but is entirely driven by anodic oxidation. Notably, the 
perfluorinated carboxylic radical would be formed (by eq 8) as 
an intermediate instead of the perfluorocarboxylic acids, which is 
probably the reason for the negligible concentration of short­
chain perfluorocarboxylic acids detected by time-of-flight mass 
spectrometry (TOF-MS/MS). The lack of byproduct accumu­
lation and the TOC removal along with PFOA removal (Figure 
4a) suggests that intermediate species likely adsorb to the anode 
surface throughout the whole reaction cycle until they are 
mineralized. A more generalized scheme is summarized in 
Figure 5: PFOA would be finally decomposed into F- and CO2 
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Figure S. Proposed nonradical PFOA decomposition via electron 
transfer as the main reaction pathway. 

after continuous CF2 unit removal. The observations made on 
mass balance suggest that this cycle proceeds efficiently to 
degrade a majority of PFOA, but we do not have information on 
the change in kinetics as the carbon chain length shortens. 
Conflicting views exist in the literature regarding the effect of 
chain length on oxidation kinetics,5'24'64'65 which require further 
study. 

Role of Amorphous Pd Catalyst. We believe that the 
hydrophobic nature of Ti4O7/Pd-A and Ti4O7/Pd-C electro­
des due to surface fluorination not only suppresses water 
oxidation into •ott and 02 but also enhances the surface 
interaction with PFOA and other perfluorinated intermediates. 
A closer surface interaction is particularly critical to complete 
multiple cycles of anodic oxidation for all the products of PFOA 
(Figure 5). The presence of Pd catalysts will definitely enhance 
this electron transfer by servinJ as a conduit, as has been well
established in the literature.43' Considering that both Ti4O7/ 
Pd-A and Ti4O7/Pd-C electrodes were surface fluorinated to 
exert similar effects on water oxidation suppression and closer 
interaction with target organics, the observed difference in 
PFOA degradation kinetics between these electrodes is likely 
related to the difference in intrinsic properties of Pd-A versus 
Pd-C. Moreover, the similarities in morphology (shape, circle; 
size,~ 2 nm) of Pd-A and Pd-C shown in Figure 1 suggest that 
a differential electronic property is probably the main reason for 
improved PFOA decomposition rather than geometric effect. 

Some critical differences in the electronic structures of Pd-A 
and Pd-C were observed via X-ray analyses (XPS and XAFS). 
The results of XPS analysis (Figure 6a) first suggest that the Pd 
3d512 binding energy of both Pd-A (336.0 eV) and Pd-C 
(335.5 eV) were placed between Pd0 (335.3 eV) and Pd2+ 

(337.0 eV),66 with Pd-A being closer to Pd2+. Accordingly, the 
white line (WL) intensities of both Pd-A and Pd-C in 
normalized near-edge X-ray absorption spectroscopy (XANES, 
Figure 6b) were observed between Pd foil and PdO. The Pd-A 
spectrum was also closer to that of PdO. The higher oxidation 
state of Pd-A, and consequent additional electron-deficient 5d­
orbitals, likely contribute to more efficient electron abstraction 
from PFOA-. Likewise, a reduction in the activation barrier for 
anodic oxidation due to the electron-deficient nature of some 
oxidation catalysis has been observed (i.e., OER,67 CO 
oxidation, 68 formic acid electro-oxidation 69). 

Fourier transform R-space curves of the Pd K-edge EXAFS 
spectra (Figure 6c) show that, while only one prominent peak 
exists, centered at 2.5 A from the Pd-Pd contribution in Pd-C, 
another Pd-O shell feature was detected at ~1.6 A in Pd-A. 
This is thought to originate from the Pd-A stabilization by 
sufficient oxygen vacancy defects on Ti4O7 anchoring sites. The 
best-fit parameters extracted from the EXAFS spectra (Figure 6d 
and Table 1) suggested that the Pd-O coordination number 
( CN) in Ti4O7/Pd-A was 2.8 ± 0.4, much closer to 4 (PdO2) 
than Pd-C. This result is consistent with the past report that 
amorphous metals build stronger interactions with the substrate 
compared to crystalline counterparts, due to disordered atomic 
arrangement and unsaturated coordination of amorphous 
metals.49 It should be noted that the number of interfacial
Pd-O bonds (i.e., Pd directly bound to substrate rather than 
neighboring Pd) is siguificantly larger with Pd-A than Pd-C. 
These bonds function as channels for electron transfer from 
PFOA to the electrode. Alternatively, the enhanced electronic 
metal-support interaction (EMSI)70 between Pd-A and 
reducible Ti4O7 support enhances electron transfer and 
ultimately PFOA anodic oxidation kinetics. 

Environmental Significance. This work presents the 
potential to develop an efficient PFOA destruction technology 
using an electrochemical system equipped with a Ti4O7/Pd-A 
electrode. The proposed electro-oxidation process destroys 
PFOA with a relatively low electrical energy per order (EEO) of 
57.1 kWh/m3/order (i.e., a normalized parameter of energy 
consumption to achieve 90% degradation of a pollutant; Text S5 
for details ).21 This value is orders of magnitude lower than that
of some non-electrochemical PFOA destruction technologies 
such as UV/TiO2 (1971 kWh/m3 /order)26 and sonolysis (3997 
kWh/m3 / order ).71 Compared to other electrocatalytic anodes 
such as F-doped Ti/SnO2172 Ti/SnO2-Sb/PbO2,32 B/N
codoped diamond,30 and Ti4Orbased35'42'73 anodes, the 
Ti4O7/Pd-A exhibits a rate constant of 2.02 h-1 and a
comparable current efficiency of 0.73% for PFOA decom­
position (detailed comparisons are presented in Text 6 and 
Table Sl). Although the current Ti4O7/Pd-A electrode does 
not outperform all of the previously reported electrodes for 
PFOA decomposition, we expect that further kinetic improve­
ment can be achieved by additional material optimization and 
alternative electrode architecture development (ef, Ti4O7 

membrane electrode with enhanced mass transfer35'7 ). 
In contrast to the above radical-mediated electrochemical 

approaches, this work first presents the PFOA electro-oxidation 
through direct anodic oxidation without involving reactive 
oxygen species. This eliminates the concern about the 



-

348 

0 

a 

n,O,ll'd-A 

Ti,O,'Pd-C 

,Y , 

344 

C 

340 

Binding Energy (eV) 

Pd-0 

2 4 
Radial distance (A) 

Pd 3d 

Xl6 332 

6 

w 

1 

E 
� 
� 

12----------------

b 
1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

24200 

d 

() 

24300 

- TI4C>,/Pd-A 

- n.o,,Pd·C 

PdO 

- PdfOII 

24400 24500 24600 

Ene,gy(eV) 

-Tl,O,JPd-A 

-TI,o,JPd-C 
- - • · Fitting 

2 • 
Radial distance (A) 

Figure 6. (a) Fourier transform R-space ofTi407/Pd-A, Ti407/Pd-C, Pd foil, and Pd 0. (b) NormahzedXANES measurements at the Pd K-edge of 
different samples and standards. (c) Binding energy of Pd 3d for Ti407/Pd-A and Ti407/Pd-C by high-resolution XPS spectra. (d) Structural 
parameters obtained from the curve-fitting analysis of the extended XAFS (EXAFS) spectrum. 

Table I. Best-Fit Parameters Extracted from the Pd K-Edge FT EXAFS Spectra ofTi
4
O

7
/Pd-A and Ti

4
O

7
/Pd-C" 

sample shell CN RIA <l-;A2 

PdO Pd-0 4 2.06 0.0010 ± 0.0007 

Pd foil Pd-Pd 12 2.80 0.0049 ± 0.0003 

Ti407/Pd-C Pd-0 not detected 

Pd-Pd 6.1 ± 0.7 2.75 ± 0.01 0.0071 ± 0.0008 

Ti407/Pd-A Pd-0 2.8 ± 0.4 2.05 ± 0.02 0.0029 ± 0.0018 

Pd-Pd 5.2 ± 0.8 2.74 ± 0.01 0.0072 ± 0.0011 

aCN are coordination numbers for first coordination ( 0) and second coordination (Pd) spheres, R refers to interatomic distances, and a2 are 
Debye Waller factors. 

quenching of radical species by background species such as 
NOM and carbonate, and consequential loss of pollutant 
removal kinetics. The formation of chlorinated byproducts, 
which is a common concern in electrocatalytic water treatment, 
is also avoided.75'

76 The efficient direct anodic oxidation benefits
from both surface fluorination and formation of amorphous Pd 
clusters. In particular, our study epitomizes a new strategy to 
enhance the catalytic performance of Pd, a noble metal widely 
used for environmental catalysis but almost exclusively in 
crystalline nanoparticle form, by effectively modulating the 
electronic structure of Pd.77

'

78 Enhanced electron abstraction 
from the target and enhanced EMS! of amorphous Pd are also 
likely to be instrumental in other electrocatalysis application 
scenarios, such as anodic destruction of other classes of 
pollutants. Although the precise regulation of Pd-A significantly 
improves the electrochemical activity, a large amount ofTi3+ in
Magneli phase Ti4O7 can lead to instability after long-term use.79 

Further developments are necessary to overcome this obstacle 
and prolong the electrode lifetime required for practical 
applications. 
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