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ABSTRACT: This work investigates the surface chemistry of
H2O2 generation on a boron-doped ultrananocrystalline diamond
(BD-UNCD) electrode. It is motivated by the need to efficiently
disinfect liquid waste in resource constrained environments with
limited electrical power. X-ray photoelectron spectroscopy was
used to identify functional groups on the BD-UNCD electrode surfaces while the electrochemical potentials of generation for
these functional groups were determined via cyclic voltammetry, chronocoulometry, and chronoamperometry. A colorimetric
technique was employed to determine the concentration and current efficiency of H2O2 produced at different potentials. Results
showed that preanodization of an as-grown BD-UNCD electrode can enhance the production of H2O2 in a strong acidic
environment (pH 0.5) at reductive potentials. It is proposed that the electrogeneration of functional groups at oxidative
potentials during preanodization allows for an increased current density during the successive electrolysis at reductive potentials
that correlates to an enhanced production of H2O2. Through potential cycling methods, and by optimizing the applied potentials
and duty cycle, the functional groups can be stabilized allowing continuous production of H2O2 more efficiently compared to
static potential methods.

KEYWORDS: boron-doped diamond, hydrogen peroxide, liquid disinfection, surface modification, catalysis, reactive oxygen species,
reactive oxidative species, oxidized boron-doped diamond

1. INTRODUCTION

The primary routes for human exposure to microbial pathogens
from wastewater arise in agricultural settings.1 Good results for
pathogen removal or inactivation have been obtained by
membrane filtration, UV irradiation, and pasteurization.2−6

However, such treatments have high investment costs and
require maintenance that may not be feasible for developing
countries. Other established disinfection techniques like
chlorination and ozonation require storage of chemicals and
generate harmful byproducts, which present a major drawback
to small-scale treatment plant safety.2,3

Electrochemical disinfection presents an alternative technol-
ogy that is effective, simple to operate, low cost, and energy
efficient. Some key benefits provided by this method include in
situ generation of disinfectants, no storage of chemicals, and a
straightforward low maintenance process. This is especially the
case for blackwater treatment, as the presence of urine provides
sufficient electrical conductivity for electrochemical processes
to be conducted without additional chemicals.7 Recent research
in our group demonstrated that synthetic urine spiked with E.
coli could be disinfected by means of electrochemically
generated chlorine at a boron-doped diamond (BDD) anode.8

Although many electrochemical disinfection studies utilize
dimensionally stable anodes or mixed metal oxides,9,10 BDD

has gained considerable attention because of its high oxygen
evolution overpotential in aqueous environments.11,12 This
property enables the formation of reactive oxygen species
(ROS) such as hydroxyl radicals, ozone, and hydrogen
peroxide.11,13−15 Jeong et al.9 compared para-chlorobenzoic
degradation at metal oxides (RuO2 and IrO2) and BDD
electrodes. BDD was found to be more efficient because of its
low electroactivity,16 allowing generated hydroxyl radicals to
react in the bulk solution. In contrast, on metal oxide
electrodes, hydroxyl radicals generally react at the electrode
surface to form a higher oxide surface with a weak oxidation
capacity.13 Schmalz et al.17 showed that the bacterial
inactivation of wastewater could be increased by a faster
generation of electrochemical oxidants using BDD. Their study
illustrated the energy efficiency of BDD electrodes over other
conventional electrode materials. Despite the promise of BDD
electrodes for application in sanitation technologies, there is
little information in literature that details the optimal
conditions for ROS generation, which would allow production
of these species with higher efficiency and at lower cost.
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Thin-film BDD has been explored as an electrode material in
electrochemical research and for water treatment applica-
tions.12,18−22 Though microcrystalline diamond (MCD) (>100
nm grain sizes), and nanocrystalline diamond (NCD) (<100
nm grain sizes) have been studied for water sanitation
applications, there has been little published work on ultra-
nanocrystalline diamond (UNCD) electrodes, a subcategory of
NCD electrodes, despite their numerous electrochemical
benefits.23−25 UNCD differs from MCD and NCD because
its grain size is exceptionally small (3−5 nm) allowing for a
large relative surface area per grain volume.22 The relative
percentage of carbon atoms in a diamond grain that occur at a
crystallite surface can be as high as 10%.26,27 This induces a
high degree of disordered sp2 carbon bonding present at grain
boundaries relative to MCD and NCD. As a result, roughly 5%
of the total carbon present in UNCD films is disordered, sp2

bonded and at grain boundaries.26,27 Nondiamond carbon, such
as sp2 carbon, forms at the grain boundaries of BDD crystallites
during chemical vapor deposition (CVD). Subsequent removal
of nondiamond carbon increases the inertness and operational
voltage window of the BDD electrode.12 The high degree of
amorphous sp2 increases the electrochemical activity of the
boron-doped UNCD (BD-UNCD) electrode.12,28 Surface
treatments, such as annealing at high temperature or in situ
direct current (DC) polarization, can lead to functionalization
of the electrode surface at these sp2 carbon sites.29−31

Depending on the surface treatment and subsequent
functionalization, the electrochemical characteristics of the
BD-UNCD electrode can change drastically from being active
to inert, hydrophobic to hydrophilic, and even optically opaque
to clear.12,21,28,32,33 These surface treatments are typically
carried out with the intent of removing nondiamond carbon.
Interestingly, it was reported that functionalization of the
nondiamond carbon, rather than removal, can enhance the
production of ROS for carbon based electrodes.34−36 Yano et
al. showed that carbon−oxygen functional groups created on
sp2 carbon can greatly increase the reduction of dissolved
oxygen gas in both acidic18 and basic37 aqueous electrolytes.
Carbon−oxygen functionalities are present in quinone species,
which are widely used in industrial processes for the production
of hydrogen peroxide because of their catalytic behavior and
have been found on BDD electrodes.38−41

The present work investigates the generation of hydrogen
peroxide (H2O2) using as-grown BD-UNCD electrodes, and in
situ surface modifications. Given the relatively short recombi-
nation time of ROS,42,43 electrogeneration of H2O2 was
monitored indirectly using a colorimetric technique.44−47

Combining electrochemical and physical characterization data,
the evolving surface chemistry of BD-UNCD resultant from
potentiometric testing was monitored. Static and potential
cycling methods of generating H2O2 are compared to
determine the nature of surface chemistry of BD-UNCD and
its effect on the generation of H2O2. These results build on an
evolving understanding of the electrochemical generation of
ROS, such as H2O2, from BDD electrodes, and include the
effects of potential cycling methods. Furthermore, these results
provide an enhanced understanding of the kinetic properties of
BD-UNCD electrodes and form the basis of the phenomeno-
logical model presented herein.

2. EXPERIMENTAL SECTION
2.1. Electrolyte. To enable colorimetric detection of H2O2, we

used 0.12 M Ti(SO4)2 as an electrolyte. The 0.12 M Ti(SO4)2

electrolyte was made following the procedure described by
Eisenberg.44 1 g Ti(IV)O2 anatase powder (Sigma-Aldrich) was
dissolved in 100 mL H2SO4 (J.T. Baker, UN 1830) by heating at
150 °C for 16 h and stirring at 350 rpm. The resulting solution was
cooled to room temperature and left covered and unstirred for 8−12
hours until undissolved TiO2 settled out of solution. The supernatant
was then filtered and diluted 1:39 with deionized water, resulting in an
optically clear electrolyte with pH 0.5, and [Ti(SO4)2] of 0.12 M.
Unless otherwise noted, the electrolyte was bubbled with ultrahigh
purity O2 gas (Airgas Inc., PN# OX UHP 300) for 20 min prior to
each use to ensure saturation of oxygen content.

2.2. H2O2 Measurement. Known concentrations of H2O2 (VWR,
MK524002) were reacted with 0.12 M Ti(SO4)2 (Section 2.1) to form
H2TiO4, which strongly absorbs visible light.42,44 The absorbance of
H2TiO4 at each concentration of H2O2 was measured using a
monochromated light source at 420 nm (Newport Oriel 300W 87005
lamp housing, Newport Oriel 6258 ozone free xenon lamp, Newport
Oriel 74004 1/8 m Cornerstone Monochromator) and a photo-
detector (Newport Oriel, 479). The absorbance was then plotted with
respect to the H2O2 concentration to create a linear absorbance−
concentration standard curve in accordance with Beer’s Law (Figure
S1). Electrochemically generated H2O2 concentrations reacted in 0.12
M Ti(SO4)2 were then determined by comparing the experimentally
obtained absorbance value to the standard curve, similar to the
technique of Eisenberg44 and Peralta et al.42

2.3. Electrode Fabrication. Boron-doped ultrananocrystalline
diamond (BD-UNCD) films (thickness ∼2 μm) on SiOx/Si (500 μm)
with geometric areas between 0.5−1.5 cm2 were cleaved from a 4 in.
UL25 wafer purchased from Advanced Diamond Technologies
(Romeoville, IL). Cleaved pieces from this wafer were then electrically
connected to a thin copper wire using silver paste (Ted Pella,
PN#16031). The contact was left to dry at room temperature for
several hours. The copper wire and paste were then isolated from the
electrolyte using a glass tube and nonconductive epoxy (Loctite EA
9462 Hysol).

2.4. Electrochemical Conditions. Unless otherwise mentioned,
electrodes were tested as the working electrode in a 3-electrode 40 mL
cell of 0.12 M Ti(SO4)2 where Ag/AgCl sat. KCl (Biologic RE-1CP)
and Pt wire were used as the reference and counter electrodes,
respectively. All measurements were made using a SP-200 BioLogic
potentiostat. Prior to testing, samples were thoroughly rinsed with
deionized water and blown dry with ultrahigh purity N2 gas (Airgas
Inc., PN# NI UHP 300). The electrolysis for measurement of H2O2
(Section 3.4) was performed in a 2-electrode cell at varied voltages for
30 min in a 10 mL-solution of 0.12 M Ti(SO4)2. A 2-electrode cell was
used due to space constraints. The Pt counter electrode was also used
as a pseudoreference electrode. In our conditions, its potential remains
constant, and equal to ∼0.5 V vs Ag/AgCl. Electrodes were anodized
in acidic solutions prior to electrolysis, a method we refer to as “pre-
anodization.”

2.5. X-ray Photoelectron Spectroscopy. Collection. X-ray
photoelectron spectroscopy (XPS) was conducted using a Kratos
Analytical Axis Ultra instrument with a monochromated Al Kα X-ray
source (1486.69 eV) operated at 15 kV and 10 mA (150 W) in a 5 ×
10−8 Torr chamber. Survey spectra were collected using an analyzer
pass energy of 160 eV, and binding energies were collected from −5 to
1200 eV scanned at 1 eV increments. Each step was integrated for 500
ms and the entire spectrum was averaged across 5 sweeps. Regional C
1s spectra (276.9−300.0 eV) were collected using the same conditions
as the survey spectra, except a pass energy of 20 eV (resolution of 0.4
eV) was used.

Analysis. Collected spectra were calibrated, analyzed, and
deconvoluted using Casa XPS software following best practices as
outlined in Briggs and Grant.48 All data reported were the average
result of 3 measurements per electrode sample. The XPS O 1s to C 1s
ratios seen in Figure 1 were determined by normalizing the integrated
O 1s peak intensity centered at a binding energy of 532 eV to the
integrated C 1s peak intensity centered at 285 eV. A Shirley fitted
background subtraction was used for both peaks. The XPS C 1s
regional spectra seen in Figure 2 were normalized against the bulk
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peak maximum located at 285 eV, with background subtraction carried
out using a Shirley background fit. Following a similar protocol as
Ayers et al.,49 peak assignments were made in reference to the
characteristic sp3 diamond-like-carbon C−C bonding peak located at
285 eV. For nondiamond carbon bonds, the following assignments
were made: sp2 CC (graphitic carbon) was assigned to −1.1 eV, C−
H (hydrocarbon) was assigned to +0.5 eV, C−OH (hydroxyls bonded
to carbon) was assigned to +1 eV, C−O−C (ether groups) was
assigned to +1.7 eV, CO (carbonyl groups) was assigned to +3.4 eV,
and COOH (carboxyl groups) was assigned to +4.1 eV.
Deconvolution, and subsequent quantification of C 1s regional
spectra, was carried out using Gaussian−Lorentzian peak shapes and
±0.2 eV constraints for fwhm and peak position, respectively, where
the FWHW was set to 1 eV. The resulting deconvoluted peak area
quantities (can be seen in Figure S4) were then summed to equal the
relative amount of functional groups corresponding to the C−H, C−
OH, C−O−C, CO, and COOH content for each electrode and
plotted as seen in Figure 3A. For details not mentioned herein, XPS
spectra were analyzed following best practices as outlined in Briggs and
Grant.48

3. RESULTS AND DISCUSSION

3.1. Electrochemical Surface Pretreatment. To better
understand the role of surface chemistry and biasing history on
H2O2 generation, we grouped electrodes and studied them in
three categories. Table 1 summarizes these treatments, and
provides a guide for the reader in electrode sample naming
assignment. The treatments were chosen to elucidate the effects
that oxidation, or “pre-anodization” of BD-UNCD has when it
is then followed by cathodic potentials with respect to the
open-circuit potential (0.5 V vs Ag/AgCl sat. KCl). The first
group consisted of electrodes that were reduced (at −0.5, −1.5,
and −2.5 V vs Ag/AgCl sat. KCl) for 20 min and then
characterized. These are the “R” electrodes. The second group
electrodes were oxidized (at 1.5, 2.5, and 3.5 V vs Ag/AgCl sat.
KCl) for 20 min and then characterized. These are the “O”
electrodes. The third group, an extension of the second group,
was first oxidized (at 1.5, 2.5, and 3.5 V vs Ag/AgCl sat. KCl)
before being reduced at −1.5 V vs Ag/AgCl sat. KCl. These are
the “OR” (oxidized-reduced) electrodes. As a matter of
comparison, an unpolarized control electrode was character-
ized, and results plotted along with the polarized electrodes.
The effects of surface chemistry, and biasing history were
studied by analysis of XPS and Raman spectra.

3.2. Surface Chemistry. Comparison of surface chemistry
across BD-UNCD electrodes as a result of an applied voltage
can be found in Figures 1−3. Figure 1 shows the relative O 1s
to C 1s peak area intensity collected from XPS survey spectra
across electrode samples polarized at different potentials. From
Figure 1, there appears to be an increase in oxygen content
occurring on the BD-UNCD surface across all pretreatment
potentials with respect to the control electrode. This implies
that even slight polarization in strong acidic environments is
enough to oxidize BD-UNCD. Oxygen has previously been
shown to terminate BDD lattices when oxidized by electro-
chemical treatments of greater than 1.5 V vs Ag/AgCl in
aqueous-based electrolytes by bonding to amorphous sp2

content present at grain boundaries.29,30 At potentials <1.5 V
vs Ag/AgCl, corresponding to the R2.5, R1.5 and R0.5
electrodes, there also appears to be an overall (but constant)
increase in oxygen content which is independent of the applied
voltage. Martin et al.29 ascribed this increase to 2 possible
mechanisms: (i) adsorption of H2O to oxygen terminated sites
on BD-UNCD crystallites after testing due to atmospheric
effects, or (ii) carbon bound oxygen functionalities created
during reduction. However, the particular species leading to the

Figure 1. Oxygen content of each electrode given by the O 1s
integrated peak area normalized to the C 1s integrated peak area. O
1s/C 1s values displayed were taken as the average of three
measurements. The dashed line corresponds to the unpolarized
control electrode oxygen content. The error bars correspond to the
standard deviation of the measurements for each electrode.

Figure 2. Change in carbon bonding at surface of (A) reduced (R), (B) oxidized (O), and (C) oxidized then reduced (OR) BD-UNCD electrodes
compared to the control electrode indicated by change in C 1s regional spectra taken from XPS.
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increase in oxygen content was not investigated. Since the
control electrode does not exhibit this increase in oxygen
content, even though it was left in 0.12 M Ti(SO4)2 for the
same amount of time as the other electrodes, it seems likely
that the second mechanism (ii) proposed by Martin et al. is the
cause of increased oxygen content.
The C 1s regional spectra in Figure 2 show an apparent

difference in carbon bonding resulting from the (A) reducing,
(B) oxidizing, or (C) oxidizing then reducing test conditions.
All the reduced (R) electrodes in Figure 2A show a substantial
increase in carbon functionalization given by the widened
shoulder of the C 1s peak shape at binding energies greater
than 285 eV. This widened shoulder in the peak shapes is
indicative of an increased presence of carbon−hydrogen (C−
H), and carbon−oxygen (C−OH, C−O−C) bonding.40 The
R1.5 electrode has a more prominent shoulder at higher
binding energies (>285.5 eV) than the R2.5, R0.5 and control
electrodes. This is likely the result of a higher proportion of C−
OH, C−O−C, CO, and COOH bonding occurring on the
BD-UNCD surface. This change in carbon-bonding for BD-

UNCD electrodes can be correlated to the creation of carbon
functional groups occurring on the surface.28,30,40 The relative
proportion of these functional groups across all the R electrode
surfaces compared to the control electrode can be seen in
Figures S3D−F and S4A, D. The maximum number of
functional groups is seen in the R1.5 electrode. Because the
electrodes were not exposed to oxidative potentials, it is
unlikely that these functional groups are due to electrochemical
oxidation of sp2 carbon bonds (CC). Oxidation of
nondiamond content on BDD is widely reported for BDD
electrodes tested in aqueous electrolytes at oxidative potentials.
However, it is less commonly reported for reductive
potentials.12,28,31,49−52 Although the exact reductive reaction
pathway is unknown, there is an increased amount of
functionalization beyond the control electrode seen across the
R electrodes in Figure 2A, C and Figures S3A−C and S4A that
suggests an electrochemical mechanism.
For the C 1s regional spectra seen in Figure 2B−C

corresponding to the O and OR electrodes, respectively,
there is an apparent creation of functional groups from
oxidation that remain even after reduction. With increasing
oxidation, formation of carbon−oxygen and carbon−hydrogen
functional groups occurring at grain boundaries also increases, a
trend that has been reported elsewhere.30,40,49 Comparison of
the overall C 1s peak shape between the O2.5 and O1.5
electrodes (Figure 2B) shows only a slight increase of
functional groups at higher binding energies (>286 eV). In
contrast, the O3.5 electrode appears to show a notable increase
in this same region. The difference is likely due to an increased
overpotential that is able to sufficiently oxidize the nondiamond
content present on BD-UNCD grain surfaces. Figure 1 further
confirms this hypothesis. In Figure 2B, (also see Figures S4B
and S4E) there is an apparent component of the C 1s peak
shape due to C−H, C−OH, C−O−C, and CO functional
groups bonded to surface carbon of which a significant
proportion is CC (sp2).23,26,53 Figure 2B also indicates an
increasing C−OH and C−H content with increasing voltage,
while the other components appear to be constant. Hydroxyl
groups created on a BD-UNCD surface within a certain
oxidation potential range (2−3 V vs Ag/AgCl sat. KCl) have

Figure 3. (A) Comparison of relative amount of functional groups between O and OR electrodes. The O electrodes were oxidized at the given
oxidation voltage for 20 min. O electrodes that were subsequently reduced at −1.5 V vs Ag/AgCl for 20 min are renamed OR electrodes. The
relative amount of functional groups before, and after reduction of the oxidized electrodes indicates presence, and stability dependent on the
oxidation voltage. Oxidation voltage of 0.5 V corresponds to the relative amount of functional groups on the control electrode. The green arrows
indicate instability of the oxidized surface in reducing environment at the given voltages. (B) Charge transfer for the R1.5 and OR electrodes at
discrete times during reduction at −1.5 V vs Ag/AgCl sat. KCl for 20 min. The charge transferred for the OR1.5 and OR2.5 electrodes compared to
R1.5 indicates there is greater charge transferred during reduction if BD-UNCD is “pre-anodized” at either 1.5 or 2.5 V. However, OR1.5 and OR2.5
compared to OR3.5 shows that too high of an oxidation voltage during “pre-anodization” removes this effect. Charge transfer is proportional to
oxygen reduction, and therefore hydrogen peroxide production in acidic aqueous environments.

Table 1. Surface Pretreatments of 3 Groups of Electrodes
Where R, O, and OR Prefixes Designate Electrodes That
Were Tested at Reductive, Oxidative, or Oxidative Then
Reductive Potentials, Respectively

name
oxidation voltage (V vs Ag/

AgCl sat. KCl)
reduction voltage (V vs Ag/

AgCl sat. KCl)

R2.5 − −2.5
R1.5 − −1.5
R0.5 − −0.5
O1.5 1.5 −
O2.5 2.5 −
O3.5 3.5 −
OR1.5 1.5 −1.5
OR2.5 2.5 −1.5
OR3.5 3.5 −1.5
controla − −

aThe Control electrode was left at open-circuit voltage in 0.12 M
Ti(SO4)2, which was measured to be 0.5 V vs. Ag/AgCl sat. KCl.
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been reported elsewhere.54−56 However, an increasing hydro-
carbon C−H content is not as widely reported. Raman
spectroscopy of the oxidized electrodes (seen in Figure S5B)
did not give direct insight into a mechanism. This is likely
because the functional groups are adsorbed on the surface and
Raman spectroscopy is a bulk characterization technique.
Chaplin et al.57 indicated that at such elevated potentials in
aqueous electrolytes, hydroxyl radicals can radicalize carbon.
This usually results in the removal of bonded hydrogen, but in
some instances leaves additional C−H behind. It is also
possible that at such elevated potentials, sufficient oxidation of
the electrodes leads to etching of the surface atoms to expose
the underlying unoxidized C−Hx bonds created by CVD
growth conditions. Because it is widely reported that sufficient
oxidation of the BDD surface is irreversible by electrochemical
methods,30,49,58 reduction of these electrodes should give
insight as to what species could cause the C−H signature and
whether or not they are stable.
Figure 2C provides greater understanding of functional

groups created on the BD-UNCD surface during oxidation,
which we refer to as “pre-anodization,” and how they respond
upon reduction at −1.5 V vs Ag/AgCl sat. KCl. Comparison of
the C 1s regional spectra in Figure 2B with 2C show marked
differences in functional groups present on the surface of the
oxidized O1.5 and O2.5 electrodes compared to the oxidized
then reduced OR1.5 and OR2.5 electrodes. Functional groups
created on the O electrodes are largely reduced to C−O−C
and C−H bonds on the OR electrodes. This trend is further
supported in Figures S4B, C. Because of the complexity of XPS
spectra deconvolution, it is hard to definitively state the
particular functional groups on the O, and OR electrodes.
Again, it can be stated that the functionalization of the BD-
UNCD electrodes occurs only at the surface because Raman
spectroscopy (Figure S4) showed little change across electrodes
compared to the XPS data. Moreover, it appears that
functionalization of the surface is proportional to the
magnitude of the oxidation voltage. Upon reduction, these
functional groups are either reduced, leading to reconstruction
of the carbon bonds at the grain boundaries, or are removed
entirely. Figure S4D−F also show a strong correlation between
the relative amount of sp2 (CC) bonding, and the relative
amount of functional group bonding. The correlation further
suggesting that the functional groups are linked to the presence
of nondiamond content.
Figure 3 shows the preanodization effect on the following:

(A) the stability of functional groups on BD-UNCD surfaces
and (B) the charge transferred upon subsequent reduction at
−1.5 V vs Ag/AgCl sat. KCl. The relative concentration of

carbon bonds that are not C−C (sp3) or CC (sp2), (i.e.,
functional groups on the surface), appear to remain constant or
increase on the OR1.5 and OR2.5 electrodes following
reduction. In contrast to this trend, the OR3.5 electrode
appears to lose functional groups compared to its O
counterpart. Figure 3B indicates the charge transferred at
discrete times for the OR and R1.5 electrodes during reduction
at −1.5 V vs Ag/AgCl sat. KCl. Clearly, the OR1.5 and OR2.5
have a greater amount of charge transfer compared to the R1.5
and OR3.5 electrodes. Comparison of all four electrodes in
Figure 3B indicates that preanodization has a proportional
impact on the reducing current, which is optimal between pre-
anodized voltages of 1.5 and 3.5 V
Because the R1.5 electrode was never oxidized, yet shows low

charge transfer, it can be stated that oxidized functional groups
on the OR1.5 and OR2.5 lead to the observed increase.
Correlation of the C 1s peak shape of R1.5 in Figure 2A with
Figure 3B indicates that the functional groups must be oxidized
to create the difference in charge transfer observed among the
OR1.5, OR2.5, and R1.5 electrodes. This relationship does not
hold for the OR3.5 electrode (Figure 3B). In contrast, Figure
3A shows a decrease in the relative concentration of functional
groups between the O3.5 and OR3.5 electrodes. This decrease
can be ascribed to sufficient overpotentials that destabilize the
observed catalytic functional groups leaving them more prone
to reductive etching at negative potentials. Reductive etching of
BD-UNCD functional groups is commonly cited in literature,
and brought upon by wide voltage window cy-
cling.12,28,29,31,49−51,57,59

As will be shown in the electrochemical section of this paper,
the increased charge transfer shown in Figure 3B is quasi-
reversible. Hence, surface bonded or adsorbed species on the
electrodes oxidized at 1.5 and 2.5 V appear to possess catalytic
properties. The surface sensitivity of XPS gives us detail as to
how these functional groups are altering surface chemistry.

3.3. Electrochemical Characterization. Voltammograms
performed at 500 mV/s in oxygen-saturated H2SO4 (0.5 M)
(Figure 4A) exhibit two anodic peaks, Pa1 and Pa2, at 1.85 and
2.15 V, respectively. The capacitive current at this scan-rate was
measured to be 0.11 μA by taking the average current ±0.1 V
from the open-circuit potential (0.5 V) in Figure 4A. SEM
images (Figure S2) showed that the surface is well polished and
therefore the capacitive current was found to be negligible
throughout the electrochemical experiments. Pa1 and Pa2 are
attributed to sp2 surface-bonded carbon oxidation and the
formation of oxygenated functional groups based on previous
studies.12,49,60,61 A cathodic plateau, Pc , is observed during the
reverse bias in the cathodic potential region between −0.35 and

Figure 4. CV scans at 500 mV/s in oxygen-saturated H2SO4 (0.5 M): (A) between −0.7 and 2.5 V, (B) between −0.5 V and an increasing anodic
vertex potential.
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Figure 5. CV scans at 500 mV/s in oxygen-saturated H2SO4 (0.5 M). The anodic vertex potential is 2.5 V and the cathodic vertex potential is (A, B)
higher than −0.7 V and (C, D) lower than −0.7 V.

Figure 6. (A) H2O2 concentration produced and corresponding Coulombic efficiency after 30 min of electrolysis at different static voltages in a two-
electrode cell. (B) H2O2 concentration produced using a potential cycling method for 30 min where the anodic cycle was constant at 100 s and the
cathodic cycle, given by the horizontal-axis, was varied. When the cathodic cycle was equal to 1800 s, there was no anodic cycle. (C) H2O2
concentration produced using a potential cycling method for 30 min where the cathodic cycle was constant at 100 s and the anodic cycle, given by
the horizontal-axis, was varied. When the anodic cycle was equal to 1800 s, there was no cathodic cycle.
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−0.6 V following a sufficient anodic overpotential. As a result,
Pc is directly related to the anodic vertex potential (i.e., the
potential at which the CV scan is reversed), as highlighted in
Figure 4B. In fact, no cathodic plateau is observed when the
anodic vertex potential is lower than 1.0 V. Yano et al. made a
similar observation, both assigning Pc to oxygen reduction and
ruling out the current contribution of functional groups during
reduction.61 In a control experiment, with no oxygen in
solution, we did not see any cathodic peak between 0 and −1 V
on voltammograms, which partially confirms the statement
made by Yano et al.61 Additionally, as shown in Figure 4B, Pc
intensity increases with the anodic vertex potential for three
possible reasons: (i) more functional groups are generated
anodically, and therefore can be reduced, (ii) an increased
number of functional groups allow more oxygen to be
electrocatalytically reduced, and (iii) the anodic sweep
generates oxygen in the near electrode vicinity (i.e., in the
electrode porosity), which leads to a locally increased O2
concentration. However, when this anodic vertex potential is
higher than 2.5 V, the subsequent reverse bias shows no
cathodic peak between 0.0 V and −0.5 V (Green curve, Figure
4B). It is believed that the oxygenated functional groups formed
between 1.85 V, and 2.15 V can be irreversibly over-
oxidized.12,29,30,57,61 Therefore, it can be concluded that both
oxygen and oxygenated functional groups contribute to the
reduction peak (Pc), consistent with the discussion in Section
3.2.
Hereafter, attention is drawn to the evolution of the

aforementioned peaks over successive scans as a function of
the cathodic vertex potential (Figure 5). When the cathodic
vertex potential is more anodic than −0.7 V, successive
cathodic peaks retain the same current intensity (Figure 5A),
whereas the successive anodic peaks exhibit an intensity
decrease (Figure 5B). When the cathodic vertex is more
cathodic than −0.7 V, Pc peak intensity increases over
successive scans along with a similar increase of Pa2 intensity
(Figure 5C−D). Pa1 appears to be less sensitive to the cathodic
vertex potential than Pa2. Potentials beyond −0.7 V correspond
to the onset of hydrogen evolution (Figure 5C). It is
hypothesized that hydrogen adsorption favors the reduction
of additional oxygenated functional groups, which leads to an
increase of Pc and Pa2 intensity over successive CV scans. In
order to successfully functionalize BD-UNCD electrodes in situ
and also repeatedly regenerate the catalytic oxygenated
functional groups, the anodic potential has to be chosen
between 1 and 3 V vs Ag/AgCl, whereas the cathodic potential
has to be more cathodic than −0.7 V vs Ag/AgCl.
3.4. H2O2 Generation. As described in Sections 3.2 and 3.3,

preanodization allows oxygenated functional groups to be
present at the BD-UNCD surface. There are two primary
electrochemical pathways to create H2O2 in oxygen-saturated
water. Equations 1 and 2 below correspond to the two-step
anodic generation process of H2O2, whereas eq 3 corresponds
to the direct cathodic generation of H2O2 from dissolved
oxygen. Figure 6A shows an increase in H2O2 generation when
the applied potential increases (for anodic generation) or
decreases (for cathodic generation). Anodic Coulombic
efficiency (CE) decreases for higher voltages (Figure 6A, blue
curves), likely because of the competition with oxygen
evolution. Cathodic CE has a maximum at −2 V. The decrease
is due to competition with hydrogen evolution. However, the
H2O2 concentration keeps increasing with more negative
cathodic voltages as a result of the regeneration of oxygenated

functional groups, highlighted in the electrochemical character-
ization section (Figure 5C, D).
Anodic H2O2 Generation

→ + +• + −H O OH H e2 (1)

+ →• •OH OH H O2 2 (2)

Cathodic H2O2 Generation

+ + →+ −O 2H 2e H O2 2 2 (3)

To study the influence of a potential cycling, experiments in the
same electrolyte as before were performed as before by cycling
the voltage between 2 V and −2 V vs Pt. In the first series of
experiments, the anodic cycle time was kept constant at 100 s
and the cathodic time was increased from 100 to 800 s.
Additionally, one electrode was not cycled and was kept at −2
V for 1800 s without cycling. From Figure 6B, one can see that
decreasing the cathodic cycle time increases the amount of
H2O2 produced. With electrolysis time held constant, a longer
cathodic polarization time implies a shorter anodic polarization
time. As a result, less O2 is generated in the electrode vicinity
and the chemical oxidative regeneration of oxygenated
functional groups is shortened. Figure 6A highlights the higher
CE at −2 V compared to 2 V. It is expected that the longer the
cathodic polarization time (−2 V) and the correspondingly
shorter the anodic polarization time (2 V), the higher the CE
(Figure 6B, blue curve)
In a similar manner, the influence of the anodic cycle time on

the overall H2O2 generation was studied. From Figure 6C, one
can see that cycling the potential between 2 and −2 V increases
both the generation of H2O2 and the corresponding CE,
compared to anodizing at 2 V for 1800 s without cycling. These
results suggest that reverse biasing allows for the reduction of
surface accumulated oxygen nanobubbles formed in the
electrode pores from water oxidation. Creation of nanobubbles
on nanotextured electrodes from electrolysis has been
previously reported.62,63 A long anodization time allows a
substantial formation of oxygenated functional groups and
oxygen nanobubbles, which increase the current and H2O2
generation during the cathodic polarization. Figure 7 confirms
that the longer anodic cycle time correlates to a more gradual
saturation of the total current during the cathodic step (i.e., due
to greater availability of functional groups at the surface and
oxygen in the electrode proximity) and leads to a higher overall

Figure 7. Chronoamperometric curves recorded at different time of
the electrolysis during the cathodic step. The cathodic step lasted 100
s, whereas the anodic step lasted either 100 s (dash line) or 500 s
(solid line).
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current (i.e., greater reduction kinetics). As a result, more H2O2

can be generated from the reduction of dissolved oxygen.
From Figure 7, it can be seen that 100 s of anodic

polarization is not long enough to regenerate all the catalytic
oxygenated functional groups. Consequently, the cathodic
current plateaus (between 30 and 85 s), and corresponding
current intensity decreases with time (Figure 7, dashed line).
For longer anodization, the cathodic plateaus either super-
impose or are no longer present as a result of higher currents
(Figure 7, solid line). This confirms that the oxygenated
functional groups (OFG) (i) can be regenerated anodically and
(ii) catalyze reduction processes60 including H2O2 generation
as shown in Figure 6C.
A description of the current versus time profile is proposed in

Figure 8A. It is suggested that 4 successive steps occur during
the reduction step: (i) The current decreases because of the
reduction of oxygen concentration in close vicinity to the
electrode surface. (ii) Although the OFG generated anodically
are reduced, part of them are regenerated by dissolved oxygen.
The regeneration process of these groups is schematized in
Figure 8B. This leads to a steady-state evidenced by a quasi-
plateau. (iii) Once oxygen is fully depleted in the electrode
vicinity, OFG are then reduced, which leads to a current
intensity decrease. (iv) Finally, a plateau is observed because of
the constant electrolysis of the supporting electrolyte.
In controlled-potential electrolysis, the current decreases

over time as a result of oxygen depletion in the electrode
vicinity, which results in decreasing rates of H2O2 generation.
Cycling to an anodic potential allows oxygen to be produced
again, where long anodization coupled with short reduction

times seems to be the optimal solution for increased H2O2
generation.

4. SUMMARY AND CONCLUSIONS

We have shown that anodic functionalization, or “pre-
anodization” of an as-grown BD-UNCD electrode can enhance
the cathodic production of H2O2 in a strong acidic environment
(pH 0.5). It is proposed that the electrogeneration of functional
groups at anodic potentials allows for an increase of current
density during reductive potentials, resulting an increased
production of H2O2. Through the proper choice of potential
cycling conditions, it is shown that these functional groups can
be stabilized, and used to continuously produce H2O2 more
efficiently than static potential methods. Surface character-
ization measurements before and after testing of the BD-
UNCD electrodes determined that sp2 carbon occurring at BD-
UNCD grain boundaries can be oxidized into carbon−oxygen
or carbon−hydrogen functionalities that influence the electron-
transfer kinetics to catalyze the production of H2O2. Two
important aspects of BD-UNCD surface chemistry and its
response to an applied voltage in an acidic aqueous
environment are proposed. First, sp2 and nondiamond content
present at BD-UNCD grain boundaries serve as bonding sites
for carbon−oxygen and carbon−hydrogen functional groups
when an oxidative or reductive potential is applied. Second,
there is a voltage window (−2.5 ≤ V vs Ag/AgCl sat. KCl ≤
3.5) at which these functionalities can remain bonded to the
surface before being destabilized by sufficient overpotential.
Thus, it follows that there exists redox cycling conditions at
which these functionalities are both optimized and stabilized in
their redox processes. Moreover, it is likely that they can be

Figure 8. (A) Proposed schematic of current vs time curve profiles during oxygen reduction. (B) Suggested mechanism for oxygenated functional
group enhancement of H2O2 generation.
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oxidized and reduced repeatedly so long as they are not
exposed to excessive overpotentials (lesser than −1.5 V; greater
than 2.5 V). Future work will look at how these functional
groups can enhance the production of other ROS species to
more efficiently sanitize wastewater.
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