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Abstract 

 

This work aims to study the effect of the distinctive chemical and structural surface 

features of boron doped diamond (BDD) anodes on their electrochemical performance 

for perfluorooctanoic acid (PFOA) degradation. Commercial BDD anodes were 

compared: i) a microcrystalline (MCD) coating on silicon; and ii) an 

ultrananocrystalline (UNCD) coating on niobium. MCD gave rise to the complete 

PFOA (0.24 mmol.L
-1

) degradation in 4h, at any applied current density in the range 1-5 

mA.cm
-2

. On the contrary, only 21% PFOA removal was achieved when using UNCD 

at 5 mA.cm
-2

 under comparable experimental conditions. Similarly, the total organic 

carbon (TOC) was reduced by 89% using MCD, whereas only 13% TOC decrease was 

obtained by UNCD. In order to explain the dissimilar electrochemical activities, the 

morphological and chemical characterization of the electrode materials was developed 

by means of FESEM microscopy, XPS and Raman spectroscopy. The UNCD anode 

surface showed characteristic ultrananocrystalline grain size (2-25 nm), higher boron 

doping and greater content of H-terminated carbon, whereas the MCD anode was less 

conductive but contained higher sp
3
 carbon on the anode surface. Overall, the MCD 

electrode features allowed more efficient PFOA electrolysis than the UNCD anode. As 

a result of their distinctive performance, the energy needed for the maximum PFOA 

degradation (after 4h) using MCD anode was only 1.4 kWh.m
-3

, while the estimated 

energy consumption for the UNCD anode would be 37-fold higher. It is concluded that 

the use of the MCD anode involves considerable energy costs savings. 

Keywords 

Boron doped diamond (BDD); microscrystalline; ultrananocrystalline; electrolysis; 

perfluorooctanoic acid (PFOA) 
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1. INTRODUCTION 

In the last two decades, the use of conducting diamond electrodes has grown rapidly due 

to their extraordinary performance for electrolysis of refractory organic pollutants [1–3]. 

In pure diamond, each carbon atom is covalently bonded to four other sp
3
 hybridized 

carbons forming an extremely robust and electrical insulator crystalline structure. For 

most electrochemical applications, some carbon atoms in the lattice are substituted with 

a dopant to provide electrical conductivity and reduce the wide band gap of diamond. 

Boron is one of the most interesting doping elements which can act as an electron 

acceptor and provides diamond with p-type semiconductivity at room temperature 

[1,4,5].  

Boron-doped diamond (BDD) film electrodes have gained attention for water treatment 

by anodic oxidation, due to their unique properties compared to other electrode 

materials [6–9]. The production and weak adsorption of hydroxyl radicals on the BDD 

anode result in a low electrochemical activity for the oxygen evolution reaction [3], 

leading to powerful oxidation conditions for the removal of organic compounds [10–

12]. Particularly, BDD electrochemical oxidation has recently demonstrated its 

efficiency for the abatement of per- and poly-fluoroalkyl substances (PFASs) in 

aqueous media [13–15]. PFASs, including perfluorooctanoic acid (PFOA) and 

perfluorooctane sulfonate (PFOS) have been released to the environment because of 

their use in industrial manufacturing and applications in consumer goods. Persistent 

PFASs have been detected in industrial effluents, landfill leachates, groundwater, and 

even in drinking water, causing their bioaccumulation [16,17].  

Despite the use of BDD as anode material, the observed rates of PFASs removal were 

very different among the reported works [13,15,18–24]. Table S1 (in the Supplementary 

Information) gathers the reported values of the observed kinetic constants alongside the 
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experimental conditions. Nevertheless, the wide diversity of the experimental 

conditions, such as area (5.5-140 cm
-2

), treated volume (0.04-2 L), applied current 

density (0.15-50 mA.cm
-2

), the initial concentration of PFASs (0.0007-8 mM), and the 

observed kinetic constants for PFASs degradation hindered the direct comparison of the 

previous research.  Also, it is worth mentioning that the BDD suppliers were different in 

most of the reported studies, and the relevant characteristics of the BDD coating were 

not fully detailed, which could explain the diverse electrochemical responses of BDD 

encountered in the literature. 

Many important features of the BDD coatings are known to influence their 

electrochemical performance as electrodes, including the boron doping concentration, 

the surface morphology and roughness, the grain size, the content of non-diamond 

impurities, the surface termination (H or O), and the sp
3
/sp

2
 carbon ratio of the diamond 

[5,9,25–28]. The grain size and the surface morphology of BDD electrode depend 

basically on the operating conditions of the chemical vapor deposition (CVD) synthesis 

[4,29–32]. CVD leads to the following categories of BDD electrodes: microcrystalline 

diamond (MCD), nanocrystalline diamond (NCD) and ultrananocrystalline diamond 

(UNCD). MCD films exhibit grain sizes larger than 1 µm and roughness values that 

exceed 100 nm [4,33]. However, some applications require much smoother surfaces 

implying that the grain microsize has to be reduced to the nanoscale. NCD coatings 

exhibit grain sizes between 10 nm and 1 µm, with low to moderate amounts of sp
2
-

bonded carbon trapped at defects or grain boundaries. UNCD is the newest material of 

the diamond coatings family which has attracted significant interest due to its high 

uniformity, high boundary density and ultra-smooth surface morphology [33–36]. 

UNCD possesses extremely low grain size (< 10 nm) and roughness (< 100 nm) [4,33]. 
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Though, the small grain size and high grain boundary density of UNCD can facilitate 

the incorporation of graphitic carbon [35].  

In this context, the present work aims to investigate and compare the effect of the 

surface and crystalline features of two commercial BDD anodes on their 

electrochemical performance for PFOA electrolysis. The BDD samples used in this 

study were an UNCD electrode from Advanced Diamond Technologies and a MCD 

electrode supplied by Adamant Technologies. Great attention has been paid to the effect 

of the diamond carbon content, boron doping level and the hydrogen contained in the 

surface, which can play a fundamental role in determining the electrical conductivity 

and the global electrochemical response of the BDD electrodes.  

 

2. MATERIALS AND METHODS 

2.1. Electrode Materials and Chemical Reagents  

All chemicals used in the experiments were reagent grade or higher and were used as 

received without further purification. PFOA (C7F15COOH, 96% purity) was purchased 

from Sigma Aldrich Chemicals. Ammonium acetate (CH3COONH4) and methanol 

(UHPLC-MS) were obtained from Scharlau. Sodium sulfate (Panreac) 5 g.L
-1

 was used 

as electrolyte in every electro-oxidation test. All solutions were prepared using ultrapure 

water (Q-POD Millipore). PFOA aqueous solution with initial concentration 0.24 

mmol.L
-1

 were prepared. 

The commercial MCD anode was purchased from Adamant Technologies (Neuchatel, 

Switzerland) as part of a flow-by cell (Diacell 106). The UNCD anode was obtained 

from Advanced Diamond Technologies (Romeoville, U.S.A.). The MCD anode was 

formed by a diamond coating of thickness 2–3 μm, synthesized by hot filament CVD on 
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a monocrystalline p-Silicon circular substrate, with 70 cm
2
 of geometrical area. The 

UNCD anode was made of a boron doped ultrananocrystalline diamond coating of 2 µm 

film thickness and 3–5 nm average grain size, on a niobium substrate (42 cm
2
 of 

geometrical area). Additionally, three commercial BDD electrodes were purchased from 

NeoCoat SA (Switzerland) for boron doping calibration (100, 2500 and 10000 ppm of 

boron, respectively). The latter electrodes were fabricated by hot filament CVD to give 

a polycrystalline diamond film with 2-3 µm thickness on a p-Silicon substrate, similarly 

to the MCD anode previously described. 

2.2. Electrochemical oxidation of PFOA by BDD electrodes 

The electrochemical performance of MCD and UNCD anodes was analyzed by the 

study of PFOA electrolysis in aqueous solutions. The diagram of the experimental set-

up used for the electrooxidation experiments is provided as supplementary information 

(Figure S1) [14]. Electrolysis tests were carried out in two undivided electrochemical 

cells, both of them consisting of two parallel electrodes. The feed solution was stored in 

a feed tank, pumped through the inter-electrode channel at a high linear velocity and 

recirculated to the feed reservoir. Table 1 collects the details of the experimental 

conditions applied for each electrochemical cell. The feed volume was adapted to get 

similar anode area/volume ratios for both experimental systems. The cell was connected 

to a power supply (Agilent 6654 A) and comparative experiments for MCD and UNCD 

anodes were conducted under galvanostatic control at j = 5 mA.cm
-2

. Moreover, 

different current densities were applied for MCD (j = 1 and 2 mA.cm
-2

) and UNCD (j = 

10 and 20 mA.cm
-2

) to study the current density effect on the PFOA and total organic 

carbon (TOC) removal rates. The applied current densities were selected to allow 

appropriate evaluation of PFOA degradation kinetic during a 4-hour experiment 

accordingly to the dissimilar electrochemical responses observed for UNCD and MCD 
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anodes, respectively. Every experiment was conducted in batch mode at constant 

temperature of 293 ± 2 K. The initial PFOA concentration of the prepared solution was 

set at 0.24 mmol.L-1 to represent a concentration within the range reported in the 

literature dealing with PFASs electrochemical oxidation (Table S1, supplementary 

information). Treated samples were withdrawn from the feed tank at regular time 

intervals and preserved at 4ºC until analysis. The cell voltages during the electro-

oxidation experiments at 5 mA.cm
-2

 were 5.6 and 4.9 V, for MCD and UNCD systems, 

respectively. 

Table 1. Description of the experimental conditions and anode geometry for the electro-

oxidation experiments. 

Characteristic MCD system UNCD system 

Anode geometry Circular Rectangular 

Anode surface area (cm
2
) 70 42 

Inter-electrode gap (mm) 5 8 

Feed Volume (L) 1 0.5 

Flow-rate (m
3
.s

-1
) 5·10

-5
 1.1·10

-4
 

Linear Velocity (m.s
-1

) 0.11
(1)

 0.16 

Anode substrate Silicon Niobium 

Cathode Stainless steel Tungsten 

(1) Linear velocity was calculated at the central position of the circular electrode 

 

2.3. BDD anodes characterization 

The surface morphology of the BBD anodes was determined using field emission 

scanning electron microscopy (FESEM, JEOL JSM, 7000-F) at 10 kV. The Raman 

spectra were taken at room temperature under atmospheric pressure in backscattering 

geometry with a Horiba T64000 triple spectrometer using the 514.5 line of a Coherent 

Innova Spectrum 70C Ar
+
-Kr

+
 laser and a nitrogen-cooled CCD (Jobin-Yvon 
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Symphony) with a confocal microscope and a 100× objective for detection. The power 

on the sample was kept below 4 mW to avoid laser-heating effects on the probed 

material and the concomitant softening of the observed Raman peaks. Lorentzian fitting 

of the Raman spectra was done using Origin 8 software. The relative sp
3
/sp

2
 band ratios 

were determined by deconvolution of the spectra obtained from X-ray photoelectron 

spectroscopy (XPS), using an SPECS (Berlin, Germany) system equipped with a 

Phoibos 150 1D-DLD analyser and monochromatic Al Kα radiation (1486.6 eV). Data 

analysis was carried out using Casa XPS 2.3.16 Software to fit the signals to Gauss-

Lorentzian curves, after removing the background (Shirley). 

2.4. Analytical procedures 

PFOA concentration in the MCD experiments, was determined by HPLC-TQD mass 

spectrometry (Acquity, Waters), and the X-Bridge BEH C18 (2.5 μm, 2.1 x 75 mm) 

column. The eluents were: (i) an aqueous solution containing ammonium acetate 

(CH3COONH4) 2 mmol.L
-1

 and 5% of methanol, and (ii) pure methanol. The eluent 

flow rate was 0.15 mL.min
-1

. The limit of quantification (LOQ) was 1 µg.L
-1

. For 

experiments using the UNCD anode, the PFOA content was analyzed using HPLC-

DAD (Water 2695) equipped with a X Bridge C18 column (5 µm, 250 mm x 4.6 mm, 

Waters). A mixture of methanol (65%) and di-hydrogen phosphate (35%) was used as 

mobile phase in isocratic mode with a flow rate of 0.5 mL.min
-1

. The wavelength of the 

detector was set at 204 nm. The LOQ was 7.4 mg.L
-1

 [37]. Total organic carbon (TOC) 

analyses were performed using a TOC-V CPH (Shimadzu). Fluoride was analyzed by 

ion chromatography (Dionex 120 IC) provided with an IonPac As-HC column and 

using a 9 mmol.L
-1

 Na2CO3 solution as eluent, that was circulated at a flowrate of 1 

mL.min
-1

, based on Standard Methods 4110B [38]. The LOQ for fluoride analysis was 

0.03 mg.L
-1

. 
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3. RESULTS AND DISCUSSION 

3.1. PFOA electrolysis 

Figure 1 reports the effect of the applied current density on the PFOA removal rate 

using MCD (Figure 1a) and UNCD (Figure 1b) anodes. Different electrochemical 

responses were observed for both materials. MCD anode allowed a sharp abatement of 

PFOA, which was almost completely degraded in only 4 hours, independently of the 

applied current density.  

 

 

Figure 1 (1.5-column fitting image). Influence of the applied current density on PFOA 

removal with the treatment time, using: (a) MCD (j = 1, 2 and 5 mA.cm
-2

) and (b) 

UNCD (j = 5, 10 and 20 mA.cm
-2

). (c) Fitting of the experimental data obtained at j = 5 

mA.cm
-2

 to the kinetic model (Eq. 2) for both electrodes. The experimental standard 
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deviation of MCD anode (a) was in the range of 10-15% and therefore experimental 

curves at j = 1–5 mA.cm
-2 

had no significant difference. In the case of UNCD (b), the 

standard deviation of 3-7% demonstrated that the effect of the current density under the 

range 5-20 mA.cm
-2 

on PFOA electro-oxidation was statistically significant. [PFOA]0 = 

0.24 mmol.L
-1

 

 

Therefore, for the MCD anode, increasing j in the range 1 - 5 mA.cm
-2

 had the effect of 

increasing the energy consumption of the process. On the contrary, the UNCD anode 

provided significantly slower PFOA degradation kinetics. When using UNCD, 21, 66 

and 87 % PFOA removals were achieved at j = 5, 10 and 20 mA.cm
-2

, respectively. It is 

worth mentioning that the enhancement of PFOA degradation by sodium sulfate 

electrolyte as a promoter of secondary oxidant species was considered to be negligible 

at the low range of current densities applied in the present study [37,39]. Consequently, 

the remarkable lower PFOA removal ratios alongside the substantial effect of the 

applied current density observed for the UNCD film resulted in its less efficient 

electrochemical performance compared to the MCD anode. 

The comparison of experimental systems for MCD and UNCD anodes was performed 

by means of the apparent kinetic rate. The PFOA mass balance in the electrochemical 

system is written as follows: 

CAk
t

C
V 




                     (Eq.1) 

where V is the volume of the treated solution (L), C is the PFOA concentration 

(mmol.L
-1

) in the feed tank, t is the electro-oxidation time (h), k is the apparent first 

order kinetic constant of PFOA degradation (m.h
-1

) and A is the electrode surface area 

(m
2
). The integration of Eq. (1) during the length of the experiment (t) results in Eq. 2. 
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  tk
C

C
LnAV 0 








                    (Eq.2) 

PFOA removal data using MCD and UNCD electrodes, at the same applied current 

density j= 5 mA.cm
-2

, were fitted to Eq. (2) in Figure 1c. The definition of k allows to 

remove the effect of the anode area and treated volume for comparison. Table 2 collects 

the values of k for MCD and UNCD anodes at the different applied current densities 

that were tested. In the MCD system, the PFOA decays were fitted to first-order 

kinetics, and the values of the kinetic constants remained very similar when increasing 

the applied current densities. This behavior has been previously described in the 

literature; the degradation of the perfluoroalkyl pollutant occurred through a fast series 

of reactions in which both direct electron transfer and oxidation by electro-generated 

hydroxyl radicals took place, and the overall kinetics were controlled by the mass 

transport of PFOA from the liquid bulk to the anode surface [40,41]. On the other hand, 

the PFOA decomposition trend obtained by means of UNCD anode at j = 5 mA.cm
-2

 

could be described by either zero
th
-order or first-order kinetics. Moreover, the values of 

the kinetic constant were much lower compared to the ones obtained in the MCD 

system, and they gradually raised when increasing j. This electrochemical performance 

pointed out the limited availability of active sites on the surface of UNCD anode for 

direct electron transfer and hydroxyl radical production, which play the main roles in 

PFOA electrochemical degradation [23,24]. 

The kinetic constants obtained in the present study for the UNCD anode are in 

agreement with the data reported by Schaefer et al. [15] for PFOA electrolysis using an 

UNCD electrode manufactured by the same provider (Table 2). Furthermore, Soriano et 

al. [22] studied the electrochemical removal of perfluorohexanoic acid (PFHxA), which 

contains two fluorinated carbons less than PFOA in the perfluoroalkyl chain, using an 
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electrochemical cell that contained two parallel flow-by compartments made of a central 

bipolar BDD/Si electrode and two BDD/Si anode and cathode. In the latter case [22], 

the provider of the BDD electrodes was the same as the manufacturer of the MCD 

anode used in the present study. The reported kinetic constant for PFHxA (870 mg.L
-1

) 

removal was 0.13 m.h
-1

 at j = 5 mA.cm
-2

, that is moderately slower than the PFOA 

degradation constant using the MCD anode in the present work (0.30 m.h
-1

), although k 

values were still within the same order of magnitude. The comparison of the kinetic 

constants of both MCD and UNCD anodes together with the results reported in the 

literature indicates that the PFOA degradation rates provided by UNCD/Nb electrodes 

were much slower than in case of using MCD/Si. 

 

Table 2. Apparent kinetic constants k (m.h
-1

) for the PFOA electro-oxidation on BDD 

anodes and the comparison with previous studies using similar electrodes. Reference 

[22] studied the degradation of PFHxA instead of PFOA. 

MCD/Si 

(this study) 

UNCD/Nb 

(this study) 
UNCD/Nb [15] 

MCD/Si (bipolar) 

[22] 

j (mA.cm
-2

) k (m.h
-1

) j (mA.cm
-2

) k (m.h
-1

) j (mA.cm
-2

) k (m.h
-1

) j (mA.cm
-2

) k (m.h
-1

) 

1 0.31 5 0.006 3 0.0054 5 0.126 

2 0.36 10 0.027 15 0.026   

5 0.30 20 0.048 50 0.086   
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Figure 2 (1.5-column fitting image). Evolution of: (a) TOC/TOC0 and (b) fluoride 

concentration with the electrolysis time, using MCD and UNCD anodes at j = 5 mA.cm
-

2
. [PFOA]0 = 0.24 mmol.L

-1 

 

In addition, PFOA mineralization was confirmed by the progress of TOC disappearance 

and the fluoride release using MCD and UNCD anodes (Figure 2a). Similarly to PFOA 

removal trends, the reduction of TOC was influenced by the type of anode. At j = 5 

mA.cm
-2

 and t = 4 h, TOC was reduced by 89% using MCD, whereas only 13% TOC 

decrease was obtained using the UNCD anode. The effective cleavage of C-F bonds was 

verified by the release of fluoride in the solution (Figure 2b). The final F
-
 concentration 

was 0.7 and 0.3 mmol.L
-1

 for MCD and UNCD systems, respectively, after 4h of the 

treatment at j = 5 mA.cm
-2

. These results are in agreement with the higher PFOA 

decomposition rate on the MCD electrode. 

Moreover, previous research [20,42] discussed the role of the fluoride released upon 

PFOA degradation on the anode surface fluorination. This mechanism could improve 

PFOA degradation, as reported for F-doped Ti/SnO2 electrodes [43]. Thus, in order to 

investigate the influence of fluoride, additional tests were carried out with the MCD 

anode at j = 5 mA.cm
-2

, by adding sodium fluoride to the feed solution. Similar first-
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order PFOA removal rates (0.27 and 0.26 m.h
-1

, respectively) were observed when 

adding 20 and 50 mg.L
-1

 of fluoride, that were similar to the degradation kinetics 

obtained without any extra fluoride addition. In the same way, TOC depletion was not 

accelerated by the addition of the different contents of F
-
 into the reacting media. 

Moreover, to contrast if higher current densities than those used in the present system 

could promote the fluorine formation, a test was done at 20 mA.cm
-2

. The kinetics 

observed in Figure S2 (Supplementary information) for TOC removal, did not reflect 

any improvement to those experiments done at lower j. Therefore, the PFOA 

electrochemical oxidation by means of MCD anodes was not enhanced by the fluoride 

released into the solution during the degradation process.  

 

3.2. Characterization of the BDD electrodes and its influence on PFOA 

electrolysis 

According to the literature [5,26,44], the anodic reactions on BDD electrodes could be 

influenced by (i) boron doping level, (ii) morphological features and (iii) diamond 

carbon content, as it has been described for other organic compounds. Therefore, due to 

the different electrochemical response of the two commercial BDD anodes that have 

been found in this study as well as the diverse results of PFAS removal rates reported in 

the literature (Table S1), the surface chemical and morphological characterization of 

MCD and UNCD anodes was studied to elucidate its effect on PFOA electrolysis. 
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Figure 3 (2-column fitting image). FESEM surface images of MCD at ×10000 (a) and ×25000 magnification (b), and UNCD at ×10000 (c), 

×25000 (d) and ×100000 magnification (e). Scale bars indicated for each magnification. Arrows indicate dirtiness of salt deposits on the anode 

surface after the experiments. 
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Figure 3 shows FESEM surface images of the MCD and UNCD anodes. The FESEM 

images confirm the information provided by the manufacturers. At ×10000 and ×25000 

magnifications MCD shows the expected microcrystalline structure with crystal grains 

in the range of approximately 1-3 µm while at the same magnifications, the crystals 

cannot be appreciated in the UNCD anode. Nevertheless, at ×100000 magnification 

nanocrystal grains ranging approximately between 2-25 nm could be observed in 

UNCD surface [45]. The surface images present well faceted microcrystalline diamond 

for MCD and line-granular ultrananocrystalline diamond for UNCD film [35]. 

Moreover, it is worth mentioning that the diamond grains were homogeneously 

distributed over the anode surface and no cracking defects were appreciated. 

Figure 4 presents Raman spectra obtained for MCD (Figure 4a) and UNCD (Figure 4b) 

anodes [35,46]. The values of the peaks were determined by deconvolution of Raman 

spectra using Lorentzian functions (green lines). MCD Raman spectra showed a sharp 

characteristic peak of microcrystals of diamond facet {111} at 1329 cm
-1

 slightly shifted 

from the typical 1333 cm
-1

, characteristic of pure diamond microcrystals. Indeed, its 

actual position depends on the boron concentration in the diamond lattice, and moves to 

lower wavenumbers with increasing boron concentration, as reported by [47,48]. The 

characteristic peaks at 1350 and 1550 cm
-1

 of D (sp
2
 carbon impurities) and G (non-

diamond sp
2
- bonded carbon atoms in the grain boundaries, C-H bending bonds) bands 

respectively could be also observed (peaks at 1387 and 1547 cm
-1

 in Figure 4a). 
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Figure 4 (single column fitting image). Raman spectra of (a) MCD and (b) UNCD 

electrodes. The values of the peaks were determined by deconvolution of Raman spectra 

using Lorentzian functions within the software Origin 8 (green lines). 

 

On the contrary, UNCD surface (Figure 4b) presents a wide peak at 1327 cm
-1

 

combining the sp
3
 diamond at 1333 cm

-1
 and a more dominant D band (1310–1450 cm

-

1
) coming from the presence of disordered carbon at the grain boundary [35,49]. Besides 

G band characteristic of sp
2
 carbon at 1535 cm

-1
, as well as the G’ band at 2515 cm

-1
 

could be identified in UNCD anode. The peak at 1175 cm
-1

 which was formerly [49] 

ascribed wrongly to transpolyacetylene (typically at 1150 cm
-1

), has been demonstrated 

to actually correspond to CHx bonds in the grain boundaries of nanocrystralline 
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diamonds [50]. The UNCD spectrum in Figure 4b is a typical Raman spectrum of 

ultrananocrystalline diamonds using a laser excitation at 514 nm. According to the 

literature [4], the small diamond grain size in the UNCD electrode produced a large 

presence of graphite in the boundary layers that scattered phonons to make the D peak 

intensity at 1357 cm
-1

 being ~ 57 times larger than the diamond peak at 1333 cm
-1

. 

 

B = 100 ppm

B = 2500 ppm

B = 10000 ppm(a) (b)

 

Figure 5 (2-column fitting image). (a) Raman spectra of microcrystalline BDD 

standards with different boron concentration: 10000 ppm, 2500 ppm and 100 ppm. (b) 

Diamond frequency (cm
-1

) as a function of the boron concentration (ppm) in BDD 

standards obtained from Raman spectroscopy. 

 

The displacement of the diamond peak to lower frequencies in microcrystalline BDD 

materials is proportional to the increase of boron content, according to May et al. [46]. 

This property has been applied in the present work to determine the concentration of 

boron in the diamond lattice of the MCD electrode. A calibration curve was built using 

3 commercial microcrystalline BBD electrodes (NeoCoat, Switzerland) as standards 
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with known boron concentrations of 100, 2500 and 10000 ppm, respectively. Figure 5a 

shows the Raman spectra for each BDD standard and the displacement of the Raman 

shift of the diamond peak for each standard was determined. The pure diamond peak 

frequency was used as reference (0 boron concentration, 1333 cm
-1

). The calibration 

curve that relates the boron concentration with the diamond Raman vibration frequency 

in cm
-1

 is represented in Figure 5b. From this calibration curve, the boron concentration 

for the MCD electrode was calculated as 1676 ppm. Similarly for boron doped 

ultrananocrystalline diamonds, it has been reported [35] that the D band peak shifted 

from 1355 cm
-1

 at B/C ratios of 0 ppm towards 1300 cm
-1

 at B/C ratios of 6000 ppm. A 

comparison between the Raman spectrum of the UNCD anode and the Raman spectra of 

ultrananocrystalline BDDs at different boron doping levels reported by Zeng et al. [35] 

indicated that our UNCD anode would have a boron content of approximately 3000 

ppm. 

For further surface characterization, Figure 6 depicts the XPS C 1s spectra of the MCD 

and UNCD anodes. The peak at 284.5±0.1 eV was labelled as C–C1 and the component 

C–C2 was shifted +0.9 eV. These peaks were attributed to hydrogenated and non-

hydrogenated carbon diamond, respectively [51,52]. The peak at 283.4±0.3 eV was 

ascribed to C=C sp
2
 carbon or graphitic defects at the diamond surface and oxygenated 

carbon species were detected at higher binding energies: 286.5, 287.5 and 289.3 eV for 

single oxidized components (C–O) such as i.e. –C–OH and –C–O–C– bonds, and 

further oxidized groups as –C=O or –COOH [51]. The oxidized carbon species typically 

appear after usage as a result of anode ageing. The B-C peak of boron doped diamonds 

that should appear at approximately 282.6 eV is not usually observed in these materials 

due to the presence of surface defects that affect the surface Fermi level [52]. It can be 

seen that the major component of the MCD surface is C–C2 or sp
3
 crystal diamond 
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carbon (56.0%), the contribution of C–C1 or hydrogenated diamond was 16.1%, the 

total oxygenated species were 23.3% and graphitic defects counted up to 4.6% of the 

total carbon of the MCD anode. On the other hand, the major component of UNCD 

anode is hydrogenated diamond carbon (C–C1) with 35.2%, non-hydrogenated diamond 

(C–C2) accounted for 31.1%, the graphitic carbon was 5.4% and oxidized species were 

28.3% of the total carbon. Hydrogen-terminated diamond (C–C1) is produced during the 

BDD synthesis under H2-rich conditions to avoid the formation of graphitic carbon at 

grain boundaries [4]. The higher content of (C–C1) of the UNCD is related to the 

smaller (ultranano) grain size and consequently higher grain boundary density [52]. The 

amount of oxygenated species on both diamond films was comparable (23.3 vs 28.3% 

for the MCD and UNCD anodes, respectively), which is related to the formation of 

hydroxyl radicals during the uses of the materials for anodic oxidation [9]. 
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C-C2 (sp3) 31.1

C=C (sp2) 5.4

C-O 28.3

a)

b)

 

Figure 6 (1.5-column fitting image). XPS C1s spectra of (a) MDC and (b) UNCD 

electrodes. -COOH, C=O and C-O were assigned to oxygenated carbon species. C-C1 

and C-C2 corresponded to hydrogenated and non-hydrogenated carbon diamond, 

respectively, and C=C sp
2
 refers to the graphitic defects in the diamond surface. Peaks 

were fitted to the spectra using Gauss-Lorentzian functions. 

 

Overall the following remarkable differences about BDD films characterization can be 

highlighted: i) the sp
3
 diamond relative carbon abundance on the MCD surface is 1.8 

times higher than on UNCD surface, ii) lower boron doping level was found in MCD 
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material compared to UNCD anode, and iii) the hydrogen-terminated diamond on MCD 

is 2.2 times lower than in UNCD.  

Thus, some studies have demonstrated that higher content of sp
3
 carbon resulted in 

more rapid and efficient contaminant decay by electrochemical oxidation [5,25,26]. 

Assuming that the sp
3
 diamond is the direct responsible of the formation of hydroxyl 

radicals on the anode surface for electrooxidation applications, a lower abundance on 

sp
3
 diamond carbon would might imply lower hydroxyl radical generation per unit 

anode surface area [25,26]. The sp
2
 or graphitic carbon content is very similar in both 

anodes (MCD = 4.6% and UNCD = 5.4%) and thus, the lower PFOA degradation 

efficiency of UNCD anode encountered in the present work cannot be justified by 

differences in the grain boundary graphitic defects. The introduction of boron atoms 

into the diamond lattice is the main mechanism responsible for the conductivity and the 

density of active sites on the surface [53]. The anodic materials herein compared present 

a boron doping level of 1600 (MCD) and 3000 ppm (UNCD). However, despite the 

higher boron doping level of UNCD anode, the PFOA degradation efficiency was not 

improved, possibly related to the distortions or defects added into the lattice hindering 

the electrochemical activity [54,55]. The presence of H-terminated carbon also favors 

the p-type electrical conductivity on the conductive diamond film surface and enhance 

the surface hydrophobicity, electron affinity and conductivity [56]. However, the 

superficial hydrogen content can be progressively changed to O-terminated surface 

during the electro-oxidation treatments, which would cause the anode surface oxidation 

and its consequent passivation. 

According to the XPS and Raman analysis, UNCD possessed higher boron doping and 

more H-terminated superficial carbon content than MCD material, a sum of 
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characteristics that could improve the UNCD p-type superficial conductivity [53,57]. 

This assumption was verified by the cyclic voltammetry (CV) of PFOA solution using 

sodium sulfate electrolyte, of both BDD anodes. Figure S3 given in the Supplementary 

Data shows that higher current densities were recorded for the UNCD electrode (Figure 

S3b), because of its more elevated electrical conductivity. Moreover, a distinctive 

feature is observed for the MCD anode, as its cyclic voltammogram (Figure S3a) shows 

the PFOA direct oxidation peak at a potential close to 2.6 V, which is neither observed 

in the CV with the single Na2SO4 electrolyte solution, nor in the case of UNCD anode 

(Figure S3b). 

Overall, the higher sp
3
 carbon content, lower hydrogen terminated carbon and lower 

conductivity of the MCD film seem to favour the faster and more efficient PFOA 

degradation. On the contrary, the surface features, such as extremely small grain size, 

lower sp
3
 carbon abundance and higher conductivity, of the UNCD electrode provided a 

limited electrochemical activity for the PFOA removal. 

Finally, the practical feasibility of the electrochemical technology is often linked to the 

energy consumption. The energy consumption (W, kWh.m
-3

) is directly related to the 

specific electrical charge (Q, kAh.m
-3

) and the cell potential (v), as described in 

equation 3 [58]: 

v
V

tAj
vQW                       (Eq.3) 

Due to the different electrochemical behavior exhibited by the MCD and UNCD 

anodes, the energy consumption has been calculated for the maximum PFOA 

degradation rate obtained in each system, which was 99% and 87% after 4h of 

treatment, respectively. In this way, the energy consumption estimated for PFOA 
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removal using MCD was only 1.4 kWh.m
-3

 (j = 1 mA.cm
-2

). On the contrary, using 

UNCD anode would imply shifting to a higher current density (j = 20 mA.cm
-2

) that 

implies an estimated consumption of 52.4 kWh.m
-3

. These results confirmed that the 

differences on BDD surface features can influence on the reaction time and the current 

density needed for the contaminant removal which impacts directly on the energy costs 

of the electrochemical process. 

Additionally, to determine the efficiency of the electro-oxidation process, the decrease 

in pollutant concentration during electrolysis can be represented against specific 

electrical charge (Q). To illustrate this point, the variation of PFOA degradation rate 

with Q was plotted in Figure S4 in the Supplementary material. It can be seen that for 

the MCD system, the increase in current density from 2 mA.cm
-2

 to 5 mA.cm
-2

 

significantly decreased the oxidation efficiency. Therefore, current densities higher than 

5 mA.cm
-2

 only lead to a massive loss of current efficiency in this process. During 

PFOA electrolysis by UNCD anode (Figure S4b), the concentration decreased with the 

increase of specific electrical charge with similar trends for all the applied current 

densities from 5 to 20 mA.cm
-2

. In conclusion, to achieve satisfactory PFOA removal 

rates, e.g.: 90% removal, the specific electrical charge passed was two orders of 

magnitude larger for UNCD anode than MCD electrode. 

 

4. CONCLUSIONS 

This work reports a morphological, chemical and electrochemical comparison of two 

BDD electrodes that are commercialized for anodic oxidation. Attending to their crystal 

size the electrodes are classified as microcrystalline diamond (MCD) and 

ultrananocrystalline diamond (UNCD). The relationship of the anode surface features 
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with their performance in the electrolysis of perfluorooctanoic acid (PFOA) was 

analyzed. The following considerations can be withdrawn from the reported results: 

- Electrochemical oxidation of PFOA by means of the MCD anode was significantly 

more efficient than when using the UNCD electrode. The MCD anode led to the 

complete degradation of the persistent pollutant in 4 h, at any applied current 

density in the range of 1-5 mA.cm
-2

. Conversely, remarkable lower PFOA removal 

ratios were achieved by the UNCD anode, as only 21% PFOA removal was 

achieved in 4 h working at 5 mA.cm
-2

.   

- FESEM microscopy confirmed the micro and ultrananocrystalline structure for 

MCD and UNCD anodes, respectively. Moreover, the higher sp
3
 carbon content 

and lower boron content and H-terminated carbon content of the MCD, revealed by 

Raman and XPS spectroscopy, seem to favor faster and more efficient PFOA 

degradation. On the contrary, the ultrananocrystalline surface features and the 

higher conductivity of UNCD anode limited the electrochemical activity for PFOA 

electrolysis.  

- Different electrochemical behaviors of the MCD and UNCD BDD anodes strongly 

impacted the process energy consumption. The energy needed for PFOA removal 

from a 0.24 mmol.L
-1

 solution was 1.4 kWh.m
-3

 and 52.4 kWh.m
-3

, for MCD and 

UNCD anodes, respectively. 
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Table S1. Summary of the BDD-electrochemical oxidation for PFASs degradation in aqueous media. 

 

Reference 

EXPERIMENTAL CONDITIONS ELECTROCHEMICAL PERFORMANCE 

Characteristics of BDD Configuration J (mA.cm
-2

) Feed Volume (L) [PFAS]initial (mM) k’ (h
-1

) 

Carter and Farrell., 

2008 [18] 

One bipolar and two monopolar p-

Si/BDD electrodes (Adamant 

Technologies). Total anode area: 25 

cm2 

Parallel plate flow-

through reactor 
20 2 0.4 mM PFOS 7.8 

Liao and Farrell., 

2009 [24] 

One bipolar and two monopolar p-

Si/BDD electrodes (Adamant 

Technologies). Total anode area: 25 

cm2 

Flow-through 

reactor 
10 0.35 or 0.6 0.4 mM PFBS (>90 % degradation, 1h) 

Ochiai et al., 2011 

[20] 

BDD electrode (Condias). Anode 

area: 77.4 cm2 

Single compartment 

flow cell 
0.15 0.3 8 mM PFOA 0.8 

Xiao et al., 2011 [19] 

Si/BDD electrode, boron doping of 

1300 ppm and thickness of the 

diamond film is about 1 μm (CVD). 

Anode area: 5.5 cm
2
 

Teflon-lined 

stainless steel 

autoclave cell 

20 0.4 0.48 mM PFOA 0.108 

Zhuo et al., 2012 

[23] 

Si/BDD (Chinese Academy of 

Science). Anode area: 8.5 cm2 
Three-electrode cell 23.24 0.04 

0.114 mM PFBA  

0.114 mM PFHxA 

 0.114 mM PFOA 

 0.114 mM PFDeA 

1.992 

2.01 

2.568 

2.73 
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 0.114 mM PFBS 

 0.114 mM PFHxS 

 0.114 mM PFOS 

0.834 

1.338 

2.142 

Lin et al., 2013 [21] 
Ti/BDD electrode (HF CVD) 

(Condias). Anode area: 25 cm2 

Undivided 

electrochemical cell 
10 0.1 

     0.25 mM PFNA 

0.25 mM PFDA 

1.38 

1.08 

Trautmann  et al., 

2015 [13] 

Nb/BDD electrode (Condias). 

Anode area: 35 cm2 

Undivided 

electrochemical cell 
2.3 1 

0.0097 mM PFBS 

0.0275 mM PFHxS 

0.030 mM PFOS 

(43%, 91% and 98% 

degradation after 43h, 

respectively) 

Schaefer et al., 2017 

[15] 

Nb/Ultrananocrystalline diamond 

coating (Advanced Diamond 

Technologies). Anode area: 38 cm2 

Single compartment 

flow-by cell 

3, 15 and 50 

50 

15 

15 

0.25 

0.036 mM PFOA 

0.020 mM PFOS 

0.0007 mM PFOA 

0.0012 mM PFOS 

0.091, 0.37 and 1.4 

0.37 

0.33 

0.12 

Soriano et al., 2017 

[22] 

One bipolar and two monopolar p-

Si/BDD electrodes (Adamant 

Technologies). Anode area: 140 
cm2 

Undivided cell with 

two parallel flow-by 

compartments 

50 1 2.17 mM PFHxA 1.764 

Abbreviations: j: applied current density; k: degradation kinetic constant; HF CVD: Hot-filament chemical vapor deposition; CVD: Chemical vapor deposition 
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Figure S1. Electro-oxidation experimental system (1: Single Compartment 

Electrochemical Cell, 2: Power Supply, 3: Feed Tank, 4: Pump, 5: Refrigeration 

System). 
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Figure S2. Influence of fluoride added in the reacting media on TOC removal with the 

electro-oxidation time using MCD anode at j = 5 mA.cm
-2

 with no addition of F
-
 ( ), at 

j = 5 mA.cm
-2

 adding 20 mg.L
-1

 of F
-
 ( ), at j = 5 mA.cm

-2
 adding 50 mg.L

-1
 of F

-
 ( ) 

and at j = 20 mA.cm
-2

 with no addition of F
-
 ( ). [PFOA]0 = 0.24 mmol.L

-1 
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Cyclic voltammetries were performed in a three-electrode cell using 50 mL PFOA (0.24 

mmol.L
-1

) and 5 g.L
-1

 Na2SO4 as electrolyte. Ag/AgCl saturated KCl electrode was used 

as the reference electrode and the counter electrode was a Pt foil. MCD and UNCD 

were used as working electrodes. For these tests, 1x1 cm
2
 samples of the commercial 

electrodes were obtained by fracture of the original ones. 

 

 

  

 

 

Figure S3. Cyclic voltammogram of 0.24 mmol.L
-1

 of PFOA (blue lines) in 5 g.L
-1

 

Na2SO4 solutions for (a) MCD and (b) UNCD anodes, obtained at 100 mV.s
-1

 of scan 

rate. Cyclic voltammograms of single Na2SO4 (dotted lines) are included for 

comparison. 

 

Na2SO4 
Na2SO4 and PFOA 

Na2SO4 
Na2SO4 and PFOA 

PFOA 

oxidation 
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Figure S4. PFOA dimensionless evolution as a function of specific electrical charge (Q) 

using: (a) MCD anode (j = 1, 2 and 5 mA.cm
-2

) and (b) UNCD anode (j = 5, 10 and 20 

mA.cm
-2

). [PFOA]0 = 0.24 mmol.L
-1
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Highlights 

● Microcrystalline (MCD) and ultrananocrystalline (UNCD) BDD anodes were compared 

● MCD exhibited 50-fold higher PFOA removal rate than UNCD 

● PFOA (0.24 mmol.L-1) removal using MCD was achieved at only 1.4 kWh.m-3  

● MCD contained more carbon sp3, less H-terminated carbon and less boron than UNCD 

● Electrochemical function relates to crystal & chemical properties of diamond films 
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Graphical Abstract 
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