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1. Introduction

New advanced oxidation processes based on electrochemical
technology, called electrochemical advanced oxidation pro-
cesses (EC),[1] are well known as a green technology due to its
excellent oxidation ability without secondary pollution and has
been widely applied in the treatment of biologically persistent
organic pollutants. Electrochemical oxidation ability are deter-
mined by direct electrolysis and/or indirect electrolysis.[2] That
is to say, EC is not only applied to the direct oxidation of pollu-
tants on the anode surface but it also promotes the generation
of mediated oxidants which can act the electrode surface and
extend the oxidation process to the bulk solution.[3] In the area
of EC oxidation, boron-doped diamond (BDD) electrodes ex-
hibit excellent electrochemical properties, including a wide po-
tential window, low double-layer capacitance, chemical inert-
ness, and structural stability.[4] These properties make BDDs
a promising material for EC oxidation of refractory pollutants.
Moreover, in order to further improve the efficiency of EC oxi-
dation, simultaneous use of other advanced oxidation technol-
ogies are exploited. Among these technologies, ultrasound
(US) is effective in treating toxic effluents and reducing toxicity.
Bisphenol A (BPA), considered as an emerging pollutant, is fre-
quently encountered in waste water and in surface water.[5]

Many studies have shown that BPA could cause harmful effects
such as abnormal physiological changes, reproductive impair-

ments, and testicular and breast cancer.[6] Thus, in this work
BPA was selected as a model target contaminant for assessing
the reaction activity.

One of the key points to explain the high efficiencies
reached by EC process is the understanding of its role in medi-
ated oxidation processes. The electrochemical properties of
BDD electrodes are determined by their surface composition,
thus it would be very useful to know the stable structure of
the BDD surface through description of its special electro-
chemical environment at the atomic level. Theoretical model-
ing based on density functional theory (DFT) calculations[7] has
demonstrated its ability to provide a detailed mechanism and
kinetics for surface reactions, and has been applied to complex
electrocatalytic reactions in the last few years.

In this work, theoretical modeling is utilized to understand
the key oxidants during the degradation of BPA during ultra-
sonic electrochemical oxidation (US–EC). In particular, the reac-
tion channel for the potential-dependent kinetics of hydroxyl
radical (·OH) generation is resolved from DFT. Based on the re-
sults from experiment and theory, the ·OH generation mecha-
nism on the BDD electrode and the catalytic role of US are sys-
temically discussed. We show that US–EC oxidation on BDD is
an efficient electrochemical oxidation system for ·OH genera-
tion at high potentials and the enhanced diffusion kinetics fa-
cilitated by US.

2. Results and Discussion

A comparative study was performed in this work to investigate
the improvement for removing BPA in electrochemical treat-
ment with the aid of US. The removal of BPA (A) and the
chemical oxygen demand (COD) (B) versus time is shown in
Figure 1. In US–EC system, the fraction of BPA removed by 4 h
is 98 %, an increase of 24 % compared to the EC process (79 %).
The time needed to reach the same BPA removal in EC process
(95 %) is 8 h, twice as long as for the US–EC process. That
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means that the degradation efficiency can be improved with
the aid of US on BDD electrode. Ultrasonic irradiation of aque-
ous solutions is well known for yielding sonochemistry via cavi-
tation, which can cause physical effects to improve mass trans-
port and chemical effects to activate substrates. However, with
ultrasound alone, only 3.7 % BPA was degraded, possibly due
to the small amount of ·OH generated via cavitation. These re-
sults indicate that the enhanced efficiency can most likely be
attributed to the improvement afforded by the EC process and
the activation of BDD electrode surface, not only owing to the
sonochemical effect. The obtained BPA removal data were fur-
ther analyzed by kinetic modeling. Good linear plots were ob-
tained when fitted to a pseudo first-order reaction (inset of
Figure 1 A). The pseudo first-order rate constant (k) in the US–
EC process is 2.7 � 10�4 s�1, 2.7 times and 100 times faster re-
spectively than the EC (1.0 � 10�4 s�1) and the US processes
(2.6 � 10�6 s�1).

The removal of COD in the reaction solution is determined
as an indicator for the organic mineralization at different time
intervals and is plotted in Figure 1 B. After 4 h, 94 % of COD
has been removed in the US–EC process, whereas only 73 % of
COD has been eliminated in the EC process. The complete
mineralization time is 4.5 and 9.3 h in the US–EC and EC pro-
cesses, respectively. So the time needed to reach mineraliza-
tion is shortened by 52 % with ultrasound irradiation. This fur-
ther suggests that the US–EC method is efficient for the degra-
dation of BPA.

The generated ·OH radical can be used to efficiently oxidize
a wide variety of organics though indirect electrolysis in elec-
trochemical oxidation. To some extent, the amount of generat-
ed ·OH can reflect the activity of the electrode and the reaction
system.[8] Figure 2 plots the concentration of ·OH (C·OH) in the

degradation solution. This shows that C·OH increases with in-
creasing treatment time. The C·OH in the US–EC process increas-
es to 16.0 mm at 2 h—an increase of 36 % compared to the EC
system (11.8 mm). However ·OH radicals are hardly produced in
the pure US process, which is only 1.3 mm at 2 h. In order to
deeply understand how US improves the generation of ·OH,
the electrochemical oxidation channels leading to ·OH forma-
tion on the BDD electrode was investigated by DFT calcula-
tions. These results are presented later.

Electrochemical properties of BPA with a BDD anode in EC
and US–EC processes can be also explored by using potentio-
static i–t curves, as shown in Figure 3. The potentiostatic i–t
curves in the stirred solution are recorded with and without
50 mg L

�1 BPA solution at pH 0 and pH 7 at several applied po-
tentials. In acidic conditions (pH 0) and low applied potential
(E = 1.5 V vs SCE), the steady-state current density in the BPA
solution for the US–EC system is 5.39 mA cm�2, higher than for
the EC process (1.72 mA cm�2). In solution without BPA the cur-
rent density also increases from 0.28 to 3.53 mA cm�2 with US
irradiation. Upon increasing the work potential to 3 V, a similar
tendency is obtained, namely that the current density is in-
creased with US in both solutions. In addition, the current den-
sity at 3.0 V is much higher (around three orders of magnitude)

Figure 1. Removal of A) BPA and B) COD with treatment time for a 50 mg L
�1

BPA solution on the BDD electrode. In the inset the linear plots of ln (C0/C)�t
for the treatment of 50 mg L

�1 BPA solution gives the kinetics of BPA as
pseudo-first-order.

Figure 2. Evolution of the hydroxyl radical during the degradation of
a 50 mg L

�1 BPA solution.
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than at 1.5 V for both the EC and the US–EC systems. These re-
sults reveal that the current density is quite relevant to the
work potential. According to the literature, direct electron
transfer reaction would happen in the potential region of
water stability (E<2.1 V vs SCE), while indirect oxidation reac-
tion can take place in the potential region of water decompo-
sition (E>2.1 V vs SCE).[9] Moreover, the influence of pH value
on the current density of different system was also investigat-
ed. At a low potential of 1.5 V, the current density increases
with increasing pH value, while it is independent of the pH
value at a high potential of 3 V. This result implies that the pH
value would influence the surface reaction on BDD at relative
low work potentials, which we further investigated by DFT cal-
culations, presented next.

In order to provide deeper insight into the reaction mecha-
nism on BDD surface, for example, to identify the key oxidative
intermediate species, we then utilized the recently developed
periodic continuum solvation model based on the modified
Poisson–Boltzmann equation (CM-MPB) in combination with
DFT calculations (DFT/CM-MPB) to model the water oxidation

process on the BDD surface at the working potentials. In our
calculations, the BDD surface is modeled by a (111) surface
with the 1/24 surface C atom being replaced by B. The compu-
tational details are shown in the Experimental Section and also
in our previous work.[10] To understand the atomic-level mecha-
nism of the reactions on the BDD electrode surface, it is essen-
tial to first know the surface composition of BDD, which can
be determined by constructing the surface phase diagram
from theory.[7, 11] Previous work by Chaplin et al.[12] using a clus-
ter model already shows that the surface sites of BDD can be
covered by O and OH functional groups at the reaction condi-
tions.

Using the DFT/CM-MPB method, we explored several likely
compositions of the BDD surface, that is, 0.5 ML H, 0.13 ML
OH, 0.50 ML OH and 0.38 ML OH coadsorbed with 0.13 ML O.
The surface phase diagram of BDD was obtained from the
computed energetics and is plotted in Figure 4. With an in-
crease in the potential, the surface composition of BDD surface
can be described as follows.

Below 0.25 V, the BDD surface is fully covered (~0.5 ML) by
H atoms (dissociated from water) due to the unsaturated
nature of the exposed sp3 carbon atoms. By elevating the po-
tential, the surface H atoms are gradually replaced by atop site
adsorbed OH and O. At 0.6 ~1.7 V, a high OH coverage
(0.5 ML) on the BDD surface is reached with the surface B
atoms and all unsaturated carbon atoms being covered by OH.
Above 1.7 V, the adsorbed OH starts to be replaced by the ad-
sorbed O atoms. At that potential, the most stable surface con-
figuration of BDD is a mixed phase, that is, 0.38 ML OH coad-
sorbed with 0.13 ML O atoms on the BDD surface, denoted as

Figure 3. Potentiostatic I–t curves at applied potentials (1.5 and 3.0 V) in
a 50 mg L

�1 BPA solution and without BPA solution.

Figure 4. The surface phase diagram of BDD(111) surface under electrochem-
ical conditions (pH 0). The key surface structures are illustrated. Large grey
ball : C atoms; large pink ball : B atoms; small write call : H atoms; small red
ball : O atoms.
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the OH/O/Sur phase. The adsorbed O atoms (0.13 ML) are
neighboring with each other and one O atom adsorbs on the
surface B atom (see Figure 4). Further increasing the potential,
we expect that the O coverage will increase, but since the oxi-
dation of BPA also starts, it is necessary to consider kinetics to
resolve the surface composition.

Because the experimental concerned potential is generally
above 1.7 V, where the OH/O/Sur phase dominates, we then
select this surface phase as the starting configuration, the ini-
tial state (IS), for investigating the water oxidation channels on
the BDD surface. The lowest-energy reaction channel at 1.7 V
and pH 0 has been determined, as shown in Figure 5. In the

first step, the adsorbed O (denoted as *O) on BDD surface
react with a nearby H2O to form an adsorbed OOH (denoted
as *OOH) and a solvated proton (H3O+) in solution (*O +

2 H2Oaq!*OOH + H3O+
aq + e�). At the transition state (TS1 in

Figure 5), the O atom of the H2O bonds forms a bond with the
adsorbed O atom at the top site of surface B on BDD surface
while meanwhile one H atom of the H2O molecule transfers to
the nearby water molecule. The calculated free energy barrier
(DGa) for the first step is 1.95 eV at 1.7 V and the final state
(FS), the *OOH and the solvated proton, is 1.32 eV less stable
than the IS. Next, the adsorbed OOH undergoes O�OH bond
breaking (*OOH!*O + ·OHaq) and at the TS (TS2), the dissociat-
ing O�O distance is 1.88 � with the O atom sitting on the atop
sites of surface B and the ·OH stabilized by the water molecule
in solution. The DGa of O�OH* dissociation is only 0.46 eV,
which is much lower than the first step. Finally, the OH/O/Sur
phase of the BDD surface is restored. From Figure 5, we can
see that the TS of *OOH formation dictates the highest-energy
position in the free energy profile and thus the *OOH forma-
tion step should be the rate-determining step. This can be
largely attributed to thermodynamics as the *OOH is very un-

stable on BDD surface at 1.7 V. Based on these results, we can
conclude that the atomic adsorbed O atoms are the only likely
oxidative species on BDD at low potentials, instead of the ad-
sorbed OOH or solution OH radical.

To further understand the potential dependence of the reac-
tion profile, we calculated the water oxidation reactions under
different surface-charge conditions (charged slab) using the
CM-MPB[13] approach. As described in our previous work,[10a, 14]

the one-to-one mapping of DGa from the constant-charge cal-
culation to the constant potential condition is then performed
and thus the reaction profile at the high potentials can be de-
duced. In Figure 6, we show the reaction profile at 3.0 V and

pH 0. We found that at these
high potentials DGa for the
*OOH formation step is very low,
at only 0.09 eV. This is probably
because the *OOH formation
step involves explicit one-elec-
tron transfer (*O + 2 H2Oaq!
*OOH + H3O+

aq + e�) and the in-
crease in the potential facilitates
this reaction. The FS (*OOH and
solvated proton) is already
0.16 eV lower than the O/OH/Sur
phase. For the next OOH dissoci-
ation, we found that the DGa for
the O�OH dissociation is 0.63 eV
(Figure 6), which is slightly
higher than that at 1.7 V. The TS
of the O�OH bond breaking
(TS2) dictates the highest-energy
position in the free energy pro-
file and thus the O�OH bond-
breaking step should be rate-de-
termining at high potentials.

Overall, the reaction barrier for the formation of ·OH is only
0.63 eV at 3.0 V, which is 1.32 eV lower than it at 1.7 V. From
microkinetics, we expect that the ·OH in solution can be pro-
duced at ambient conditions, which can act as the major oxi-
dant to degrade the organic pollutants.

The DFT calculations described above suggest that at low
potentials organic pollutants can be degraded by the solution

Figure 5. Free energy profile for water oxidation (forming OH radical) on BDD at 1.7 V and pH 0, and the structural
snapshots of OH/O/Sur, OOH, TS1 (water dissociation and OOH formation) and TS2 (O�OH dissociation).

Figure 6. Free energy profile for water oxidation (forming OH radical) on
BDD at 3.0 V and pH 0.
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molecules reacting directly with surface O species, while at
high potentials the organic pollutants could also be degraded
directly by the ·OH radicals in solution. This is consistent with
the experimental observation that the current density at 1.5 V
is much lower than that at 3.0 V, considering that the oxidative
ability of the adsorbed *O on than BDD surface should be
much weaker than that of the ·OH radical. In both cases, the
ultrasound can improve the electrochemical oxidation efficien-
cy by enhancing the diffusion and mass transfer of organic pol-
lutants and the ·OH radicals. Furthermore, different oxidants at
different potentials from theoretical results can also explain
the distinct effects of the pH for the reaction at 1.5 V and 3.0 V
(see Figure 3). At low potentials, the surface O coverage can
be affected by the concentration of H+ through the fast reac-
tion equilibrium of *OH + H2O!*O + H3O+ + e� . The high pH
is beneficial for increasing the O coverage on the BDD surface.
By contrast, at high potentials, the O�OH dissociation is essen-
tial for increasing the OH radical concentration, which is how-
ever not relevant to the pH and thus the influence of the reac-
tion pH can be ignored.

In order to further understand the activation effect of ultra-
sound in the electrochemical oxidation reaction, a study on
the intermediates and their oxidation routes was carried out.
The major intermediates, determined by HPLC, are aromatic
compounds and chain carboxylic acids, including hydroqui-
none (HQ), fumaric acid (FA) and oxalic acid (OA) in both EC
and US–EC processes (see Figures 7 A–C). According to the lit-
erature,[6a, 15] the oxidation of BPA by ·OH first leads to phenolic
compounds and then can be oxidized and converted to ring-
cleavage small fragmented products which would eventually
give short-chain aliphatic acids. Additionally, the evolved con-
centrations of the intermediates obtained were further simulat-
ed with a genetic algorithm to determine the formation rate
constant (kf) and the decay rate constant (kd) of the overall re-
action (see Table 1). In the EC process, the intermediates are

continuously accumulated at the first stage during anodic oxi-
dation, reaching the maximum concentrations measured in the
experiment (Cmax) and then decreasing at a later stage. For ex-
ample, the Cmax of HQ during the EC process is increased to
19.36 mg L

�1 of 2.0 h, while during US–EC it quickly accumu-
lates, with a Cmax of 16.24 mg L

�1 of 1.5 h (Figure 7 A). More-
over, the kf of HQ is 3.11 � 10�4 s�1 in US–EC, 2.2 times greater
than that in the EC process (1.41 � 10�4 s�1). The kd of HQ also

increases to 2.23 � 10�4 s�1 during the US–EC process from
0.96 � 10�4 s�1 during the EC process. The standard errors for kf

and kd are less than 2 %. These results corroborate that aromat-
ics in US–EC process are accumulated more quickly to reach
the experimentally measured maximum (Cmax) and then de-
crease faster too.

The evolution of carboxylic acid, formed from the aromatic
cleavage, is depicted in Figures 7 B,C. For the US–EC process,
the Cmax of FA reaches 5.28 mg L

�1 in 1.67 h and then rapidly
oxidizes to OA. The Cmax of generated OA is 13.71 mg L

�1 in
1.5 h. During the EC process, the Cmax of FA is 5.64 mg L

�1 after

Figure 7. Evolution of the concentrations of aromatic intermediates (A) and
carboxylic acid intermediates (B) and (C) during degradation of a 50 mg L

�1

BPA solution.

Table 1. Formation rate constant (kf) and decay rate constant (kd) of in-
termediates, maximum concentration and time of intermediates during
the degradation in US–EC and EC processes.

Degradation products kf � 104

[s�1]
kd � 104

[s�1]
Cmax

[mg L�1]
tmax [h]

US–EC EC US–EC EC US–EC EC US–EC EC

BPA – – 2.4 1.0 50 50 0 0
HQ 3.1 1.4 2.2 1.0 16.2 19.4 1.5 2.0
FA 3.6 27 2.9 2.0 5.3 5.6 1.67 2.5
OA 2.3 1.3 1.8 1.1 13.7 15.6 2.0 3.0
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2.5 h anodic oxidation reaction, and the Cmax of OA is continu-
ously accumulated to 16.56 mg L

�1 in 3.0 h. In addition, the kf

and kd of FA for the US–EC process respectively is 3.61 �
10�4 s�1 and 2.89 � 10�4 s�1, while for the EC system the kf and
kd values are 2.67 � 10�4 s�1 and 1.98 � 10�4 s�1, respectively.
These results show that the kf and kd of FA is 1.4 and 1.5 times
faster with US–EC comparing to the EC-only process. Similarly
the kf and kd of OA correspondingly increase 1.8 and 1.7 times
respectively for the US–EC process.

As expected, although the rates of formation and degrada-
tion are different for the EC and the US–EC processes, the elec-
trochemical oxidation pathway of BPA with BDD electrode
does not change with the assistance of US. That is to say US
mainly improve the diffusion and mass transfer of organic pol-
lutants and/or oxidative radicals, which is consistent with the
DFT calculation analysis and the potentiostatic i–t results.

3. Conclusions

This study reported the reaction activity and pathway for re-
moving BPA in EC and US–EC processes with a BDD electrode.
The degradation efficiency was improved with the aid of US,
which was evaluated by BPA removal and COD removal. The
structure and stability of the BDD surface was illustrated by
DFT calculations, and the reaction channel for the potential-de-
pendent kinetics of hydroxyl radical (·OH) generation was also
investigated by means of DFT.

The BPA removal increased from 79 % for the EC process to
98 % for the US–EC process after 4 h electrolysis, while the re-
moval of COD improved from 73 % for EC to 94 % for US–EC. A
study of the kinetics indicates that BPA decay follows
a pseudo-first-order reaction, with a higher rate constant for
the US–EC process. The most stable surface configuration of
BDD is relevant to the work potential. At 1.7 V, the stable BDD
surface consisted of 0.38 ML OH coadsorbed with 0.13 ML O
atoms. With increasing work potential, the O coverage in-
creased and was eventually replaced by O species, such as
OOH and molecular O2. During the EC reaction, at low work
potential (i.e. ,1.7 V), the reaction activity was mainly influenced
by direct electrolysis and the only likely oxidative species on
the BDD surface was atomic adsorbed *O atoms, while at high
potential (i.e. , 3 V), the formed free ·OH in solution after O�OH
dissociation became the major oxidant to degrade organic pol-
lutants. Thus, in the enhanced US–EC process, ultrasound in-
creased the diffusion and mass transfer of ·OH at high working
potential, while enhancing the collision frequency between or-
ganic pollutants and O* radical, alleviating electrode fouling at
a low working potential.

Furthermore, aromatic and carboxylic intermediates of BPA
were identified and quantified by HPLC. The primary inter-
mediates both in US–EC and EC processes include HQ, FA and
OA, indicating the same degradation pathway of BPA. The
values kf and kd of the intermediates are enhanced in the US–
EC process. The experimental results again confirmed the ob-
servation of DFT calculation that US mainly enhanced diffusion
and mass transfer of mediated oxidants.

Experimental Section

Reagents and Apparatus

BPA was from Sigma and all reagents were of analytical grade. HQ,
OA, FA, dimethyl sulfoxide, 2,4-dinitrophenylhydrazine, organic sol-
vents and other chemicals used were analytical grade. All solutions
were prepared with deionized water. EC measurements were car-
ried out on a CHI 660 electrochemical work station (CHI Co. , USA).
The ultrasonic generator was a CQ/50 ultrasonic instrument
(Shanghai Ultrasonic Instrument Co., China).

Electrochemical Degradation

Electrochemical measurements were carried out in a conventional
three-electrode cell using a CHI 660 electrochemical workstation
(CHI Co. , USA). A BDD electrode was used as the working elec-
trode, with saturated calomel electrode (SCE) as a reference, and Pt
as a counter electrode. The concentration of BPA in solution with
0.05 m Na2SO4 was 50 mg L

�1. All potentials in this work were
against SCE.
EC oxidation of BPA was carried out in a cylindrical single-compart-
ment cell with a jacketed cooler to maintain a constant tempera-
ture of 20 8C. The BDD electrode worked as anode with an im-
mersed area of 3 cm2. BDD thin films were deposited on a p-
Si(100) surface (area 15 mm � 15 mm) which had been pretreated
by polishing with hydrogen for 20 min at low pressure by a wave-
assisted chemical vapor deposition (MP-CVD) system. The crystalli-
tes in these polycrystalline films were of high structural quality,
and the size ranged from 5 to 10 mm. The thickness of the ob-
tained diamond film was about 1 mm. A titanium foil with the
same area was used as cathode and the electrode gap was 1 cm.
The solution was electrolyzed at a constant current density of
20 mA cm�2. The BPA solution of 50 mg L

�1 was degraded in an
aqueous medium containing 0.05 m Na2SO4 as supporting electro-
lyte. US–EC degradation was carried out at a frequency of 33 kHz,
with a delivered power of 50 W, and other conditions were the
same as those in the EC process.

Analysis

The evolution of BPA and its intermediates were measured by
HPLC (Agilent HP 1100, Agilent, USA) system. Chromatographic
separations were performed on an analytical column Ultimat
TMAQ-C18 (5 mm, 4.6 � 100 mm), with the column at room temper-
ature and selected UV detector at l= 230 nm. For these analyses,
a 60:40 (v/v) methanol/buffer (pH 2.3) of 1:2 (v/v) 50 mmol
NaH2PO4/50 mmol H3PO4 was employed according to the mobile
phase at a flow rate of 1.0 mL min�1. 20 mL aliquots were injected
into the HPLC chromatograph.
Assuming that the formation and decay of each intermediate were
pseudo-first-order reactions, the formation reaction rate constant kf

and decay reaction rate constant kd are calculated according to
Equation (1):[16]

CB ¼ C0

kf

kd � kf
e�kf t � e�kd t
� �

ð1Þ

where CB is the intermediates concentration, C0 is the BPA initial
concentration. A genetic algorithm, as a promising stochastic opti-
mization method, was used to fit the data, determining kf and kd.
The hydroxyl radicals were determined according to literature,[17] in
which formaldehyde was generated quantitatively by the reaction
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between hydroxyl radicals and dimethyl sulfoxide (DMSO). Then
the formaldehyde reacted with 2,4-dinitrophenylhydrazine (DNPH)
to form the corresponding hydrazone (HCHO�DNPH), which was
analyzed by HPLC (Agilent HP 1100, Agilent, USA). An Agilent
Zorbax Eclipse XDB-C18 column (150 � 4.6 mm, particle size 5 mm)
was used at room temperature and with selected UV detector at
l= 355 nm. To perform the isocratic elution at a flow rate of
1.0 mL min�1, a mixture of methanol and water (60:40, v/v) was
used as mobile phase. The chemical oxygen demand (COD) was
determined by the standard colorimetric (titrimetric) method with
closed reflux.

DFT Calculations

All density functional theory (DFT) calculations were performed
using the SIESTA package[18] with numerical atomic orbital basis
sets[19] and Troullier–Martins norm-conserving pesudopotentials.[20]

The exchange–correlation functional utilized was at the general-
ized gradient approximation level, known as GGA-PBE.[21] The opti-
mized double-z plus (DZP) polarization basis set with extra diffuse
functions was employed. The orbital-confining cutoff was deter-
mined from an energy shift of 0.010 eV. The energy cutoff for the
real space grid used to represent the density was set as 150 Ry.
Monkhorst–Pack of k-point sampling with a (2 � 2 � 1) mesh was
used in all calculations. A larger energy cut-off of 250 Ry and the
denser (4 � 4 � 1) k-point mesh were used later for converging the
energetics of the water oxidation reactions. The quasi-Newton–
Broyden method was employed for geometry relaxation until the
maximal forces on each relaxed atom were less than 0.05 eV ��1.
Spin-polarization was considered in all calculations. To correct the
zero-point energy (ZPE), vibrational frequency calculations were
performed via the finite-difference approach. The transition states
(TSs) of the catalytic reaction were searched by using the con-
strained-Broyden–dimer method.[22]

For the calculation of the surface adsorption structures and water
oxidation energy profile, we utilized (3 � 2

ffiffiffi
3
p

) (24 atoms per layer)
six-layer symmetrical slabs with adsorbates on both sides of the
(111) surfaces. In our modelling, the reaction occurs on both sides
of the surfaces, which is essential for an accurate measurement of
the electrochemical potential of the system. Because the B atom
prefers three-fold coordination, the structure model of BDD is a
1/24 ML B-doped BDD(111) surface, that is, a surface C atom (three-
coordinated) being replaced by a B atom per unit cell (the exact
model for BDD is not known from experiment). The middle two
layers in the six-layer slab were held at the bulk truncated position
of diamond and the other layers were fully relaxed in calculations.
To derive the free energy reaction profile, we first obtain the reac-
tion energy of each step (strictly speaking, the Helmholtz free
energy change (DF) at 0 K, 0 bar) that is directly available from the
DFT total energy (DE) after the ZPE correction. For elementary sur-
face reactions without involving the adsorption/desorption of gas-
eous or liquid molecules, DF at 0 K, 0 bar is a good approximation
to the Gibbs free energy (DG) as the temperature T and pressure p
contributions at the solid phase are small. To compute the free
energy change DG of elementary reactions involving gaseous or
liquid molecules, such as oxygen, hydrogen, and water, the large
entropy term at 298 K is essential to take into account. We utilize
the standard thermodynamic data[23] to obtain the temperature
and pressure contributions for the G of the aqueous H2O and gas-
eous H2, which are �0.57 eV (the entropy contribution is �0.22 eV
in solution) and �0.31 eV compared to the total energy of the cor-
responding free molecule (E, 0 K), respectively.[24] The G of O2 is de-

rived as G[O2] = 4.92 [eV] + 2G[H2O]�2G[H2] by utilizing the OER
equilibrium at the standard conditions.

DFT-Based Modified Poisson–Boltzmann Approach for
Electrochemistry

Our methodology for calculating electrocatalytic reactions has
been described in recent publications.[10] The solid–liquid interface
was described using the periodic continuum solvation model
based on the modified Poisson–Boltzmann equation (CM-MPB),
which can take into account the long-range electrostatic interac-
tion due to the solvation of electrolyte.[13] The DFT/CM-MPB
method has been utilized to calculate the electrocatalytic oxygen
reduction reactions at solid–liquid interfaces,[10] and to compute
the fundamental properties of metal surfaces in solution, such as
the potential of zero charge and the differential capacitance,
where the calculated values show good agreement with the avail-
able experimental data.[13]

For modeling reactions involving ions, both the implicit (CM-MPB)
and the explicit (H2O molecules) solvation need to be taken into
account due to the strong polarization of the ionic species in solu-
tion. For example, for proton, H3O+ , we must also include its first
solvation shell to model the reacting proton in solution, that is,
H3O+(H2O)3 in bulk solution and H3O+(H2O)2 at the solid–liquid in-
terface (the rest of the solution is represented by the CM-MPB
model). At the solid–liquid interface, two of the H atoms of H3O+

are hydrogen-bonded with the nearby water molecules, and the
remaining H can interact with the surface electronegative species
such as O2, O, and OH. The explicit solvation has also been
checked for other reactions by adding extra H2O molecules near
the reactants.
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