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ABSTRACT: Electrochemical formation of high-energy
species such as hydroxyl radicals in aqueous media is
inefficient because oxidation of H,O to form O, is a more
thermodynamically favorable reaction. Boron-doped diamond
(BDD) is widely used as an electrode material for generating
*OH radicals because it has a very large kinetic overpotential
for O, production, thus increasing electrochemical efficiency
for *OH production. Yet, the underlying mechanisms of O,
and *OH production at diamond electrodes are not well
understood. We demonstrate that boron-doped diamond
surfaces functionalized with hydrophobic, polyfluorinated
molecular ligands (PF-BDD) have significantly higher electro-
chemical efficiency for *OH production compared with

hydrogen-terminated (H-BDD), oxidized (O-BDD), or poly(ethylene ether)-functionalized (E-BDD) boron-doped diamond
samples. Our measurements show that *OH production is nearly independent of surface functionalization and pH (pH = 7.4 vs
9.2), indicating that *OH is produced by oxidation of H,O in an outer-sphere electron-transfer process. In contrast, the total
electrochemical current, which primarily produces O,, differs strongly between samples with different surface functionalizations,
indicating an inner-sphere electron-transfer process. X-ray photoelectron spectroscopy measurements show that although both
H-BDD and PF-BDD electrodes are oxidized over time, PF-BDD showed longer stability (=24 h of use) than H-BDD. This
work demonstrates that increasing surface hydrophobicity using perfluorinated ligands selectively inhibits inner-sphere
oxidation to O, and therefore provides a pathway to increased efficiency for formation of *OH via an outer-sphere process. The
use of hydrophobic electrodes may be a general approach to increasing selectivity toward outer-sphere electron-transfer

processes in aqueous media.

B INTRODUCTION

The selective electrochemical formation of energetic chemical
species is of great interest as one approach to induce chemical
transformations in an energy-efficient manner.' " The electro-
chemical formation of hydroxyl radicals (*OH) has emerged as
a particularly important example because hydroxyl radicals are
potent oxidants capable of oxidizing a wide variety of organic
and inorganic contaminants at near-diffusion-limited rates,”
leading to intense interest in the use of *OH for applications
such as water purification.”~"* Electrochemical generation of
*OH possesses a number of advantages over existing water
purification approaches in a large part because no reagents
need to be added to produce the oxidant.

The Faradaic efficiency for *OH production from H,O is
poor because the direct, one-electron reaction H,0 — *OH +
H' + e has an associated standard reduction potential (E° =
2.74 V) that is unfavorable compared with the two-electron
oxidation H,0 — H,0, + 2H* + 2¢~ (E® = 1.74 V) and the
four-electron oxidation H,0 — O, + 4H" + 4e™ (E° =123 V)
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processes. Since oxidation of water to form O, is the most
thermodynamically favorable reaction, increases in production
of *OH must involve manipulation of the kinetic pathways,
either by reducing the rate of the four-electron oxidation that
produces O, or by increasing the rate of formation of *OH.
Empirically, it is known that Sn0,,"” Pb02,16’17 and boron-
doped diamond (BDD)"*'* are the electrode materials with
highest efficiency for producing *OH. Of these, boron-doped
diamond (BDD) is recognized as having the best overall
performance because it produces aqueous *OH,"”~'"'® js
chemically and physically robust,'” and has a high kinetic
overpotential for oxidation of water to O,.'**°7*

Although it is known empirically that diamond is
comparatively good at producing *OH radicals, the detailed
electrochemical pathways for forming *OH and O, at diamond

13,14,21,24 . 1.1 . .
surfaces are not well understood, inhibiting efforts to
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identify materials that could be even more selective at
producing *OH. A recent computational study examining
water oxidation on metal oxides calculated the free energies of
M—-OH, M-0, and M—OOH intermediates (where M =
metal) and reported that oxides with the largest free energy of
formation of M—OH were most effective at forming hydroxyl
radicals.” Yet, electrochemical reactions on diamond are quite
distinct from those on metal oxides because although metal
oxides have labile M—O and MO-H bonds that can
transiently produce active surface sites to facilitate inner-
sphere reactions, the C—H, C—O and CO-H bonds at
diamond surfaces are very stronég and nonlabile, disfavoring
inner-sphere reaction pathways.””*” Density functional calcu-
lations have estimated the C—O and C—OH bond strengths at
diamond surfaces to be 4—5 eV (400—500 kJ mol™?),
depending on the precise crystal face and surface coverage.”
Similarly, the O—H dissociation constants K, of aliphatic
alcohols are small: K, ~ 107** for tert-butanol,”” corresponding
to free-energy changes of ~100 kJ mol™'. These values show
that although oxidized BDD (O-BDD) surfaces may have a
number of species,”’ > these do not necessarily provide labile
sites for inner-sphere electrochemical reactions.””*” One
potentially important property controlling electrochemical
pathways on diamond is surface hydrophobicity, which impacts
the organization of the adjacent water molecules.*>*° Surface
hydrophobicity can be manipulated via direct fluorination of
diamond®’~* (F-BDD) and by functionalization with
polyfluorinated ligands (PF-BDD).* These surface modifica-
tions have been shown to yield very hydrophobic surfaces with
only very weak interaction with water.”>*® The high C—F bond
strength (calculated at S06 kJ mol™1)** suggests that using
fluorinated surfaces or ligands provides a robust way to
potentially alter the relative rates of O, and *OH production.

Here, we demonstrate that functionalization of conductive
diamond surfaces with hydrophobic ligands significantly
increases the efficiency of formation of *OH radicals. We
formed hydrophobic electrodes by covalently linking poly-
fluorinated molecules to conductive, boron-doped diamond
(BDD) surfaces and then compared the *OH production
efficiencies of these functionalized surfaces with those of
hydrogen-terminated (H-BDD), ether-terminated (E-BDD),
and O-BDD surfaces. Figure 1 shows schematics of the four
types of functionalized BDD analyzed. Electrochemical
generation of *OH radicals was quantified using terephthalic
acid (TPA), which selectively reacts with *OH to produce a
single, easily detected product.”™* We demonstrate that
functionalization of BDD anodes with hydrophobic, poly-
fluorinated ligands leads to a significant enhancement in
electrochemical *OH production efficiency that persists even
after 24 h of constant electrolysis. Our results suggest that a
key to increasing efficiency for *OH production is to control
the surface composition and structure in a manner that reduces
the possibility of inner-sphere, multielectron oxidation steps
that lead to O,, without inhibiting the outer-sphere, single-
electron oxidation pathway that produces *OH.

B EXPERIMENTAL SECTION

Electrode Preparation. Experiments reported here used boron-
doped, polycrystalline, electrochemical-grade diamond electrodes (p
<2 % 107 Qm, [B] = 10%° atom cm™) purchased from Element Six.
The freestanding BDD electrodes were cleaned by first soaking in
aqueous piranha solution (3:1 v/v concentrated H,SO,/30% H,0,)
overnight and then by rinsing with hydrofluoric acid (Sigma-Aldrich,
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Figure 1. Schematic representations of surface functional groups for
(A) oxygen-terminated, (B) hydrogen-terminated, (C) 1,1,2-H-
perfluoro-oct-1-ene-terminated, and (D) allyloxy(diethylene oxide)-
methyl-ether-terminated BDD.

48%), followed by nanopure water (Barnstead Genpure System, p >
182 MQ cm). Samples were hydrogen-terminated by exposure to a
pure hydrogen plasma in an Astex microwave chemical vapor
deposition system using microwave power of 600 W (T = 450 °C)
and pressure ~3 Torr. The resulting H-terminated boron-doped
diamond (H-BDD) samples were stored under dry argon between
experiments to prevent surface oxidation or accumulation of H,O in
atmosphere. To produce oxygen-terminated BDD (O-BDD), H-BDD
samples were placed in aqueous 30% H,O, and illuminated with light
from a low-pressure mercury ultraviolet (UV) lamp at 254 nm (UVP
Pen-Ray Grid, 254 nm, ~15 mW cm™) for at least 30 min.

We used photochemically initiated grafting of terminal organic
alkenes** ™" to functionalize H-BDD with polyfluorinated ligands and
a poly(ethylene ether). H-BDD electrodes were placed in a stainless-
steel reaction vessel under dry argon. The surface of the H-BDD
sample was covered with a single reactant of interest, typically
requiring 20—60 uL. The reactants used are 1,1,2-H-perfluoro-oct-1-
ene (“PF-8”, Alfa Aesar, 99%), 1,1,2-H-perfluoro-dec-1-ene (“PF-10”,
Alfa Aesar, 99%), and allyloxy(diethylene oxide)-methyl-ether
(Gelest, 95%) that were previously dried using molecular sieves.
The reaction vessel was sealed with a UV-grade fused silica window
and illuminated with light from a UV lamp (similar to the above) for
24 h. The vessel was water-cooled to prevent evaporation of the
reactant. Next, the electrode was removed from the vessel, soaked for
30 min each in chloroform (Sigma-Aldrich, 99.8%) and methanol
(Fisher, 99.9%) to remove excess reactant, and dried under nitrogen
to produce either a polyfluorinated BDD (PF-BDD) electrode or a
poly(ethylene ether)-functionalized BDD (E-BDD) electrode. We
performed control experiments with PF-BDD to quantify noncovalent
adsorption to BDD using the same procedure as above, except
without UV illumination.

We primarily report results for experiments with PF-8-function-
alized BDD, which are referred to as PF-BDD. Most experiments were
also conducted with PF-10-functionalized BDD, which yielded similar
results to PF-8 BDD, indicating their behavior is characteristic of this
class of molecules. See the Table S1 (Supporting Information (SI))
for a direct comparison. For selected experiments, E-BDD acts as a
control, since it contains a monolayer of ligands similar in length to
those of PF-BDD, but which are more hydrophilic. All experiments
were performed in at least triplicates, and reported errors are a
standard error of the mean from replicate samples.

Electrode Characterization. We determined the elemental
composition of BDD surfaces using an ultrahigh vacuum X-ray
photoelectron spectroscopy (XPS) system with a monochromatized

DOI: 10.1021/acs.langmuir.8b04030
Langmuir 2019, 35, 2153-2163


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b04030/suppl_file/la8b04030_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.8b04030

Langmuir

Al Ka X-ray source and a hemispherical analyzer. Survey spectra were
obtained summing three scans with a binding energy step size of 1 eV
and high-resolution spectra were obtained summing 20 scans with a
step size of 0.125 eV. Casa XPS software was used for data analysis.
For area quantification, peaks were fit to 70:30 Gaussian—Lorentzian
functions with Shirley®> background correction.

Electrode water droplet contact angles were measured using a
Dataphysics OCA1S Goniometer with droplet volume of 8 yL and an
application rate of 0.5 uL s™'. SCA20 software was used to capture
images and calculate angles for advancing, needle-in sessile droplets.

Electrochemical Measurements and Solutions. Electrochem-
ical experiments were performed on a Metrohm Autolab 302N
potentiostat—galvanostat, and data were analyzed using NOVA 1.6
software. To quantify the production of *OH, we used the oxidation
of terephthalic acid (TPA) to 2-hydroxy-terephthalic acid (HTPA),
for which the reaction is shown in the SI (Scheme S1). We used TPA
specifically because (1) TPA does not directly oxidize on electrode
surfaces as easily as other common *OH probes™ and (2) a single
product (HTPA) can be quantified via fluorescence. We prepared
NaH,PO,/Na,HPO, buffered solutions at pH 7.4 and 9.2 by adding
H;PO, (Sigma-Aldrich, 85% in H,0) as needed to a solution of 0.1 M
Na,HPO, (Fisher, 99.8%) in nanopure water. These solutions were
used to prepare 0.50 mM TPA stock solutions using disodium
terephthalate (Alfa Aesar, 99%). Under our experimental conditions
(pH 7.4), the reaction rate of *OH with TPA is over 100X faster than
that for any suspected competing reaction, as determined from
literature second-order rate constants’ and approximate concen-
trations (SI, Table S2). The TPA solution was placed in the anode
compartment and the buffer in the cathode compartment of an open-
air, two-compartment cell with a finely porous glass frit separator.
BDD was used as the working electrode, platinum mesh as the
counter electrode, and 3 M AglAgCl as the reference electrode.
Without stirring, a potential of 2.7 V versus standard hydrogen
electrode (SHE) was applied to the working electrode for 30 min
while measuring current (At = 0.5 s). Then, the electrolyte within the
anode compartment was removed and analyzed via fluorescence. We
explored the behavior over a range of potentials, and data shown here
were obtained at 2.7 V. This potential was selected because it is close
to the minimum needed to produce *OH at circumneutral pH (E° =
2.74V; E = 2.3V at pH = 7) and yielded higher efficiencies than more
oxidizing potentials.

To further characterize differences in electrochemical performance,
cyclic voltammetry (CV) was performed using functionalized BDD
working electrodes in the same buffered TPA solution as above before
and after a 30 min electrolysis in a one-compartment cell. For a given
electrode, five scans were recorded at 50 mV s~ from +0.5 V — +3.5
V - —=2.0 V — +0.5 V versus SHE. Then, 2.7 V versus SHE was
applied for 30 min. Finally, the five scans were repeated as above,
without changing the solution. A platinum disk was used as the
counter electrode, and 3 M AglAgCl as the reference electrode.

Fluorescence Measurements. We measured fluorescence of
HTPA using an ISS K2 spectrofluorimeter. Measurement conditions
are similar to those used previously,"””~** and were reproduced and
optimized for our system. Emission spectra for HTPA solutions were
measured from 340—550 nm using an excitation wavelength of 315
nm. The fluorescence spectrum exhibits a maximum at 422 nm.
Quantification of HTPA was conducted by converting the
fluorescence intensity at this wavelength to HTPA concentration
using a calibration curve (Figure S1A, SI). Further information on
fluorescence calibration and normalization procedures can be found in
the SI. The UV—visible absorption spectra of TPA and HTPA
reported both in our SI (Figure S1B) and in the literature*® reveal
that TPA displays negligible absorption at the excitation wavelength.

B RESULTS AND DISCUSSION

Functionalization of BDD. X-ray photoelectron spectros-
copy characterization of the surface composition of H-BDD,
O-BDD, and PF-BDD yielded the results shown in Figure 2.
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Figure 2. XPS spectra for (A) H-BDD, (B) O-BDD, (C) PE-BDD,
(D) control sample exposed to PF without UV light, and (E) PF-
BDD after cleaning with H, plasma.

Freshly prepared H-BDD (Figure 2A) shows a strong C(1s)
peak near 282 eV and a C KVV Auger peak near 1220 eV,
without any other detectable species except for a very small
O(1s) feature near 529 eV. The spectrum for O-BDD (Figure
2B) is similar to that of H-BDD, with the addition of more
intense O(1s) and O KLL Auger peaks around 529 and 974
eV, respectively, due to surface oxidation. After functionalizing
H-BDD with polyfluoroalkene molecules, the spectrum (Figure
2C) exhibits strong F(1s) (686 eV) and F KLL Auger (832
eV) peaks. Furthermore, the high-resolution C(1s) spectrum
for PE-BDD (Figure S2, SI) shows new peaks at higher binding
energies than the diamond C(1s) peak corresponding to C—F,
and C—F; species within the ligand layer. The F(1s) peaks and
C(1s) subpeaks at higher binding energies for the PF-BDD
samples and the absence of impurity peaks confirm that the
diamond surfaces have been functionalized with the perfluori-
nated molecules. Upon functionalization of H-BDD with the
poly(ethylene ether) ligands (E-BDD), the O(1s) peak near
529 eV increases in intensity compared to the starting H-BDD
sample (Figure S3, SI) due to the presence of ether oxygen
atoms. Unlike PF-BDD, E-BDD functionalization does not
yield new peaks because the corresponding ligands contain
only C and O.

We determined the density of PF molecules grafted to the
BDD surface using the C(1s) and F(1s) peak areas of high-
resolution XPS spectra and the equations described in the SL
These measurements yielded a molecular surface density for
PE-BDD of 3.5 + 0.3 molecule nm™2. This is indistinguishable
from the packing density of ~3.5 molecules nm > observed for
perfluorinated solid alkanes™ but is significantly smaller than
the ~16 atom nm™2 density of carbon atoms on the diamond
(111) surface. Our measured coverage is consistent with prior
work from our group in which we established that the reaction
conditions used here will covalently graft terminal alkenes to
diamond surfaces, yielding monolayer films like those depicted
in Figure 1C.*”*"*>7%” However, because the lattice spacing of
diamond is less than the maximum packing density of
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perfluorinated solid alkanes, the PF molecules cannot
functionalize every C—H surface bond; as a consequence,
some C—H surface sites are expected to remain unfunction-
alized, as depicted in Figure 1C.>* This nonideal packing and
associated molecular disorder has im;portant consequences for
surface electron-transfer processes,”’ as will be discussed
below.

As a control, Figure 2D shows an XPS spectrum of an H-
BDD sample that was exposed to the PF ligand but not
illuminated with UV light; this control sample shows a much
lower F(1s) signal compared to that of PF-BDD with UV
illumination (Figure 2E). This experiment further confirms
that UV induces covalent grafting of PF molecules to the BDD
surface, as depicted in Figure 2C.>">°

One attractive feature of BDD as a substrate is that samples
can be reused many times, as the molecular ligands can be
removed and the hydrogen termination restored by exposing
the sample to hydrogen plasma. Figure 2E shows an XPS
spectrum of a PF-BDD sample (like that in Figure 2C) that
was then exposed to H, plasma (600 W total microwave
power) for 1 h. Analysis of the F(1s) region shows that more
than 99% of the surface F has been removed and the sample is
chemically indistinguishable from a clean control sample.
Scanning electron microscopy images (Figure S4, SI) further
show that H, plasma treatment does not affect the morphology
of polycrystalline BDD. In multiple studies, we established that
BDD samples can be functionalized and H-plasma cleaned
many times with no detectable change in electrochemical
behavior.

Faradaic Efficiency of *OH Production on Function-
alized BDD. We probed the production of *OH by BDD
samples functionalized with each molecule by electrolyzing
solutions containing TPA and then quantifying the HTPA
produced. We also measured electrolytic current as a function
of time (I(t)). Since the number of HTPA molecules observed
is much less than the total number of electrons passed

(mole™ = %/I(t) dt, where F is Faraday’s constant), most of

the current is associated with other oxidation reactions such as
oxidation of water to O,. Therefore, we use electrolytic current
as an indirect measure of O, production. The Faradaic
efficiency () for HTPA production during electrolysis is
defined as

-
/I(t) dt (1)

where C is the measured final concentration of HTPA, V is the
solution volume within the anode compartment, and F is
Faraday’s constant. In this context, # is the fraction of electrons
that produces HTPA and # < 1 due to the dominance of
oxygen evolution.

To estimate how # relates to *OH generation efficiency, we
measured the rate of HTPA production as a function of [TPA]
(Figure SSA, SI) for 30 min electrolyses and found that HTPA
production increases linearly with [TPA] at low concentration
(e.g, 0.5 mM) and plateaus become independent at high
[TPA] (~5 mM). We assign this as a first-order reaction of
*OH and TPA with respect to TPA that becomes pseudo zero
order at high [TPA]. Since [*OH] < [TPA], we assume that
in the plateau region, all *OH is captured to produce HTPA.
The TPA concentration used herein (0.5 mM) falls within the
linear region of Figure S5 and yields an *OH capture efficiency
of ~20%. Therefore, our reported Faradaic efficiencies for

HTPA generation are a minimum for absolute *OH generation
efficiency, which is likely 5X higher. Finally, we note that the
above deviation in HTPA generation from linearity at high
concentrations is not due to self-absorption or molecular
aggregation of HTPA, as absorbance of HTPA is linear with
[HTPA] for the full concentration range tested (Figure SSB,
SI).

Figure 3 shows Faradaic efliciencies, whereas Figure 4 shows
the corresponding HTPA production and the total electro-
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chemical charge passed (all values totaled over 30 min) for the
different BDD samples at pH = 7.2 and 9.2. We first consider
the influence of surface functionalization. At pH = 7.4, Figure 3
shows that PE-BDD electrodes produce *OH with significantly
higher Faradaic efficiency than that of O-BDD, H-BDD, or E-
BDD electrodes. Figure 4A shows that the rate of HTPA
production does not differ significantly (p > 0.05) among BDD
electrodes. Yet, the electrolytic current (Figure 4B) varies
markedly, with PE-BDD yielding much lower current than H-
BDD or O-BDD at both pH values tested. The trend in
average electrolytic current is consonant with that observed for
measured efficiencies in Figure 3. PF-BDD has the lowest
electrolytic current and the highest Faradaic efficiency, whereas
O-BDD has the highest electrolytic current and the lowest
Faradaic efficiency. Similar trends are observed when
comparing the differently functionalized surfaces at pH = 9.2.

Since production of HTPA (a proxy for *OH) is nearly
independent of surface functionalization, we conclude that
*OH production likely occurs by an outer-sphere electron-
transfer process. In contrast, the strong dependence of the total
electrolytic current (which primarily reflects production of O,)
on surface functionalization indicates that O, production
occurs by an inner-sphere process. We conclude that PF-BDD
has the highest Faradaic efficiency among the tested surfaces
because the PF layer is most effective at inhibiting oxygen
evolution.

Figure 3 also shows the results of quenching experiments
performed with O-BDD and PF-BDD. In these experiments,
electrolyses were conducted just as described, except with t-
butanol (¢-BuOH, 0.3 M) added to the electrolyte. +-BuOH is
an effective *OH scavenger also resistant to direct oxidation on
the electrode surface,” so this experiment was conducted to
further ensure that *OH oxidation produces HTPA. Our
results show that the addition of BuOH dramatically
decreases HTPA generation efficiency for both O-BDD and
PE-BDD, suggesting that HTPA is generated from reaction of
TPA with *OH and that the presence of -BuOH prevents this
reaction. A comparison of the electrolytic currents and HTPA
production rates for the quenching experiments with other
experiments is in Figure S6, SL

Effect of pH on Water Oxidation for Functionalized
BDD. We now consider the influence of pH. In Figure 4, the
data show that increasing the concentration of hydroxyl anions
60-fold (increasing from pH = 7.4 to 9.2) leads to modest
decreases in both HTPA production and in electrolytic
current, and Figure 3 shows a concurrent decrease in the
Faradaic efficiency for HTPA production. The pH 7.4 and 9.2
solutions have nearly the same ionic strength (IpH 74 = 28 mM,
Ly 92 & 25 mM) such that differences in solution conductivity
are negligible. The observed influence of increasing pH is
contrary to what would be expected if *OH was formed
primarily from oxidation of OH™. Therefore, we conclude that
the *OH radicals that we detect arise from oxidation of H,O
and not from oxidation of hydroxyl anions.

The above interpretation assumes that the fluorescence
quantum yield of HTPA does not depend strongly on pH
within the range tested. Figure S7 (SI) shows that the
fluorescence intensities of standard HTPA solutions are nearly
constant for 6 < pH < 12, in agreement with prior work.*®
Therefore, we conclude that differences in fluorescence
between solutions of pH = 7.4 and 9.2 are due to differences
in HTPA concentration, further confirming our conclusion
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that the *OH we detect is produced by oxidation of H,O and
not by oxidation of OH™.

Cyclic Voltammetry of Functionalized BDD Electro-
des. Cyclic voltammetry (CV) was performed with each type
of functionalized BDD before and after electrolysis to observe
the solvent potential window, background current, and any
possible changes to these with use. Figure SA—D shows the
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(F) O after
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Current Density (mA/cmz)

2 3 15 20 25 3.0
Potential (V vs. SHE)

Figure 5. (A—D) First CV at 50 mV s™* for PF-, E-, H-, and O-BDD
before electrolysis. (E, F) The first and second scans for H- and O-
BDD after a 30 min electrolysis. In both graphs, the dotted line
corresponds to the potential at which all electrolyses are run (2.7 V).
The arrows indicate the sweep direction, which is consistent in (B)—

(D).

first scan of the CVs before electrolysis. The applied potential
for all electrolyses is shown as a dotted line in these graphs for
comparison. PF-BDD’s solvent window remains wider in
subsequent scans (data not shown). The peaks around +2 V in
the forward sweep for O-BDD, H-BDD, and E-BDD are
attributed to oxidation of carbon atoms on the diamond
surface. No other major peaks were observed, indicating an
absence of interfering electrochemical processes. In all
subsequent scans (data not shown), these surface oxidation
peaks remain present. We hypothesize that in the negative
sweep of the same scan (e.g, —2 V), the electrode surface
becomes reduced such that in the positive sweep of the
following scan, a similar surface oxidation peak emerges. CVs
with O-BDD and H-BDD electrodes after 30 min electrolyses
(Figure SE,F), when the surface is likely fully oxidized, further
support this conclusion. The first scan after electrolysis does
not contain the surface oxidation peak, whereas the second
scan (after running the reductive sweep of scan 1) does show
the same surface oxidation peak. This eliminates the possibility
that the peak instead corresponds to direct oxidation of TPA
on the electrode surface. Notably, PF-BDD does not contain
the electrode surface oxidation peak for any scans and
maintains a widened solvent window over multiple scans.
This indicates that PF functionalization is relatively stable
against oxidation, as will be discussed below.

The background current regions (0 to +1 V) for several CVs
are shown in Figure S8, SI. PF-BDD exhibits an order of
magnitude (over 10X) lower background current than that of
H-BDD and O-BDD, which are themselves similar. This is an
interesting result because low background currents are
desirable for electrochemical sensing, and although BDD is
known to yield low background current,”* PF functionalization

DOI: 10.1021/acs.langmuir.8b04030
Langmuir 2019, 35, 2153-2163


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b04030/suppl_file/la8b04030_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b04030/suppl_file/la8b04030_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b04030/suppl_file/la8b04030_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.8b04030

Langmuir

decreases it further. Background currents for each electrode
type change minimally after 30 min electrolyses, indicating that
electrode fouling with organic byproducts plays little role in
changing performance (discussed below).

Changes in BDD Surface Functionalization during
Electrolysis. To understand how the chemical nature of BDD
surfaces change during electrolysis, we used XPS and
quantified the areas for the C(1s), F(1s), and O(1s) peaks.
Figure S9 (SI) shows representative spectra used in this
analysis. Using these areas and the associated sensitivity
factors, we determined the fraction of each element before and
after 30 min electrolysis at 2.7 V versus SHE (also after 24 h
for PE-BDD only), yielding the data in Figure 6.

(A)

<1 == 0-BDD

<. == H-BDD

£ =22 H-BDD 30 min
b= == PF-BDD

g4 @23 PF-BDD 30 min

£ PF-BDD 24 hr

SN}
(B) (©) 100

£ 60 = 80

§40 c 60

S 20 g 40

o o 20

“ 0 © 9

Figure 6. Surface content of (A) oxygen, (B) fluorine, and (C) carbon
for functionalized BDD surfaces. For H- and PF-terminated samples,
the data are shown before (start) and after electrolysis for 30 min. For
PF-BDD, a sample is shown after 24 h of continuous electrolysis. All
samples are held at 2.7 V vs SHE.

Freshly prepared H-BDD and PF-BDD contain minimal
(<1%) surface oxygen content, whereas O-BDD contains 9.0
(£1.1)% oxygen (Figure 6A). Electrolysis of H-BDD trans-
forms its surface to become similar to, yet distinguishable from,
that of O-BDD. After only a 30 min electrolysis, H-BDD
becomes oxidized, showing higher surface oxygen content than
that of O-BDD (Figure 6A); that is, the electrochemical
oxidation route produces a larger fraction of surface oxygen
than the chemical oxidation route (H,0,/UV). Some insights
into the nature of the oxidized sites can be gleaned from the
presence of a Na(1s) peak near 1068 €V in the XPS spectrum
of H-BDD after electrolysis (Figure S10, SI). Goeting et al.**
observed a similar peak on oxidized BDD via XPS and
attributed it to Na® bonded to deprotonated carboxylate
groups. Since Na' is a component of our electrolyte and we
detect it via XPS without detecting a significant P(2p) peak
(thereby ruling out the presence of sodium phosphate species),
we believe the Na we observe is associated with carboxylate
groups formed during electrolysis. Notably, the XPS spectrum
of an O-BDD sample that has been placed in the same Na'-
containing buffer for the same length of time as the electrolyte
(Figure S10, SI) exhibits a negligible Na(ls) peak. Prior
studies have shown that electrochemical oxidation of H-BDD
yields a mixture of different oxygen-containing functional
groups, including alcohols, ethers, and carboxylic acids.>O™3*
Under the conditions of our experiments, electrochemical
oxidation of H-BDD produces more total oxygen and more
carboxylate groups than those in H,0,/UV treatment.

The F(1s) data in Figure 6B show loss of F content on the
PF-BDD samples upon electrolysis, consistent with a prior
electrochemical study of BDD terminated directly with F

2158

atoms.”” In addition, Figure 6A shows that the O(1s) content
of PE-BDD increases with electrolysis time. These changes
indicate partial removal of surface-attached PF molecules or
molecular fragments from BDD and subsequent oxidation of
surface C—Hy groups to form oxygen-containing functional
groups during electrolysis. In our system, loss of F can in
principle arise from either (1) individual fluorine atom
abstraction by *OH or (2) removal of ligands by cleavage of
C—C bonds. Prior work on the oxidation of fluorinated
surfactants by *OH and other species reported that completely
perfluorinated chains were inert to such chemical oxidation,
whereas molecules that were only partially fluorinated were
degraded into shorter fluorinated alcohols via C—C bond
cleavage.”” The molecules we use in our studies are completely
fluorinated except for the terminal alkene group bonded to the
surface. Thus, we believe that loss of F most likely arises from
*OH radicals attacking the —H,C—CH,— group immediately
adjacent to the diamond surface and removing ligands from the
surface. Once perfluorinated ligands are removed during
electrolysis, exposed Cgynona—H groups at the diamond
surface (see Figure 1C) can be oxidized via H atom
abstraction, followed by reaction with water.”’ Even though
electrolysis induces loss of F and surface oxidation, the oxygen
content of a PF-BDD surface after 30 min is much lower than
that for H-BDD. Even after 24 h of electrolysis, the surface
oxygen content of PE-BDD is less than that of H-BDD used for
only 30 min. From this, we conclude that PF-BDD is
significantly more resistant to oxidation than H-BDD under
our experimental conditions, due to the protective monolayer.
Overall, these XPS results are fully consistent with our CV
results above, since H-BDD and O-BDD exhibit surface
oxidation peaks and PE-BDD does not.

Contact angles represent one way to characterize changes in
diamond surface functionalization and associated properties
such as hydrophobic character.****®*~%* Figure 7 shows

160 =
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Figure 7. Contact angles for functionalized diamond surfaces
interacting with water before and after a 30 min electrolyses and
for PF-BDD samples rinsed with electrolyte (no electrolysis).

contact angle data for functionalized samples before and
after a 30 min electrolyses at 2.7 V versus SHE (representative
images for these data can be found in the Figure S11, SI). The
contact angle for O-BDD after electrolysis (data not shown) is
very similar to that for O-BDD before electrolysis. As expected,
the initial contact angles are in the order O-BDD < H-BDD <
PE-BDD. After electrolysis, the contact angles for PE-BDD and
for H-BDD both decrease. However, the value for PF-BDD
still remains higher than that for the other surfaces; this is
consistent with the XPS data indicating that PF-BDD is more
resistant to oxidation compared with H-BDD.
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We also found that PE-BDD samples that were immersed in
electrolyte without undergoing any electrolysis also underwent
a small decrease in the contact angle compared to that in the
initial surface. Time-dependent chronoamperometry experi-
ments (Figure S12, SI) reveal that PE-BDD exhibits an
increase in electrolytic current over the first several minutes.
The contact angle and chronoamperometry results together
suggest that within several minutes after immersion, water
molecules partially intercalate into the perfluorinated film of
the PF-BDD surface. This intercalation, in addition to
oxidation, may contribute to the increase in O(1ls) emission
observed in XPS after electrolysis of the PF-BDD sample
(Figure SA).59

Changes in *OH and O, Formation with Electrode
Use. To determine how changes in the surface of BDD
electrodes affect electrochemical performance, we examined
HTPA production from PF-BDD and H-BDD samples during
three sequential 30 min electrolyses and from a 30 min
electrolysis at the end of an extended (24 h) electrolysis for
PF-BDD as a long-term (“LT”) control. In each case, TPA was
added to the cell at the beginning of the 30 min period under
investigation. Example current versus time plots are in the SI
(Figure S12). From these measurements, we extracted the
HTPA production rate, the total electrolytic current, and the
Faradaic efficiency for HTPA production (Figure 8A—C,
respectively).
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Figure 8. (A) HTPA production rates, (B) electrolytic currents, and
(C) Faradaic efficiencies for each of three sequential 30 min
electrolyses (“1—3”, respectively) at applied potential of 2.7 V vs
SHE and pH 7.4 for functionalized BDD electrodes. The open-circuit
30 min control (OC) involves no applied potential. The long-term
(“LT”) samples refer to 30 min electrolyses that were conducted on
PE-BDD electrodes after 24 h of continuous electrolysis at 2.7 V.

Figure 8A shows that the HTPA production rate does not
change significantly with electrode use. The HTPA production
rate did not differ significantly (p > 0.05) between the multiple
time points for H-BDD or PF-BDD except after 24 h for PF-
BDD. This is surprising, given that Figures 6 and 7 show that
the surface termination changes significantly with use over this
period. These results suggest that the rate of *°OH production,
as measured by the increase in HPTA concentration, does not
depend strongly on surface termination. To confirm that the
HTPA we detected arose from electrochemical processes, we
conducted an open-circuit control in the same manner as all
electrolyses, except without an applied potential. The resulting
HTPA detected in this control experiment (Figure 84, “OC”)
is indistinguishable from the background, confirming that
HTPA in other experiments is generated electrochemically.

Although Figure 8A shows that the HTPA production rate
does not change significantly with time, Figure 8B shows that
the electrolytic current for PF-BDD increases over multiple
electrolyses, approaching the relatively constant electrolytic
current of H-BDD. Consequently, as the electrolytic current of
PE-BDD increases with use, the efliciency of HTPA
production (Figure 8C) decreases and approaches that of H-
BDD. These results further indicate that functionalization of
diamond with hydrophobic ligands enhances the efficiency of
*OH production by inhibiting O, formation and not by
directly increasing *OH production rate. Moreover, even
though the PF ligands may degrade, the efficiency for *OH
production on PF-BDD remains higher than that of either H-
BDD or O-BDD for multiple 30 min electrolyses. We also note
that the electrolytic current for H-BDD after multiple
electrolyses is still much lower than that of O-BDD, despite
showing similar surface oxygen fractions (Figure 6A) and
contact angles (Figure 7A). These results suggest that although
H-BDD may become oxidized with use, the precise identity of
the oxygen functional groups on the surface impacts the O,
formation rate and these functional groups depend on the
sample history.

Mechanistic Insights into Reactions on BDD Surfaces.
Our results show that the total electrolytic current is strongly
dependent on the surface functionalization and increases in the
order PF-BDD < E-BDD < H-BDD < O-BDD. In contrast,
formation of *OH remains relatively constant across the
different surface functionalizations. On the basis of these
observations, we conclude that the primary manner in which
PF functionalization increases the efficiency of *OH
production is by reducing the rate of the competing reaction,
production of O,.

Although the precise nature of the surface sites needed to
form *OH and O, are unknown, we draw on recent
computational studies investigating water oxidation on metal
oxides.”® On the basis of that work, we conjecture that the four
elementary steps in O, formation on diamond may be

C-OH —» C-O + H" + ¢~ (2)
C-0 + H,0 — C — OOH(hydroperoxy) + H" + ¢~
(3)
C—OOH — C*(surface radical) + O, + H + e~ (4)
C'+H,0 > C-OH + H" + &~ (s)

In this model, an oxidized surface site, such as a surface C—OH
group, acts as an inner-sphere site for O, production. We note
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that eq 2 is not a simple alcohol deprotonation but is an
electrochemically driven deprotonation to form a species akin
to an adsorbed OH radical. On H-BDD, a well-terminated
surface initially has few C—OH sites and therefore almost no
sites for O, formation. However, such sites can be formed in
situ, as *OH radicals that are formed (by an outer-sphere
process) can abstract H atoms from surface C—H groups,
leaving behind C “dangling bonds” that can then react with
water, leading to gradual oxidation of the surface.®’ This
initiation process can be described by eqs 6 and 7 below

C—H + *OH — C*(surface radical) + H,O (6)

(7)

By a similar argument, we propose that PF-BDD yields even
lower electrolytic current (i.e., less O,) by performing two
essential functions: (1) the hydrophobic PF ligands block
water molecules from approaching the diamond surface by
providing less favorable intermolecular interactions and steric
hindrance, and (2) the PF ligands act as a diffusion barrier that
reduces the ability of *OH radicals to reach the diamond
surface. Both properties must contribute, as our experiments
with E-BDD (a more hydrophilic monolayer that still acts as a
diffusion barrier) yielded a Faradaic efficiency for HTPA
production moderately improved compared to that of O-BDD
but significantly less than that for PF-BDD (Figure 3). The
same properties (hydrophobicity and diffusion barrier) likely
give PF-BDD the widest solvent potential window (Figure 5)
and lowest background current (Figure S8, SI) of all tested
electrodes. These electrochemical characteristics make func-
tionalization of BDD with hydrophobic ligands not only
promising for enhanced *OH generation efficiency but also for
electrochemical sensing applications. The particular PF ligand
we used has C—H species at the terminal alkene group (near
the diamond interface) that may be a site for attack by *OH,
leading to eventual degradation and loss of the PF layer.

Our arguments that hydrophobic molecular layers inhibit
inner-sphere reactions are supported by two prior studies.
Gayen et al.*’ showed that hydrophobic, perfluorinated
monolayer on BDD blocked ClO;~ from reaching the
electrode surface, while still allowing for *OH formation.*
Zhao et al. also reported that modification of PbO, anodes
with hydrophobic fluorine resin increased oxygen evolution
overpotential and thereby increased *OH production efli-
ciency.”/ Taken together, they suggest that the use of
hydrophobic layers to inhibit inner-sphere reactions in aqueous
media may be a general phenomenon.

The independence of *OH generation to BDD surface
functionalization is similar to the behavior observed for other
redox couples that undergo characteristic outer-sphere
electron-transfer reactions (e.g, Ru(NH,)s**/?*).*>%%% In
our case, an outer-sphere reaction indicates that *OH forms
from oxidation in solution near the electrode surface, without
any direct bond formation to the surface. In addition, we found
*OH production to decrease at higher pH, indicating that *OH
is formed from H,0 and not OH™. Therefore, we propose that
*OH radicals are formed via an outer-sphere oxidation of H,O
to the H,0" intermediate, which then decomposes to *OH and
H+

C'+H,0>C—-OH+H'"+e

H,0 - H,0" + e~ (8)

H,0" —» *OH + H" (9)
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Previous studies of plasmas formed in water have demon-
strated the presence of H,0".®” Previous studies on radio-
Iytic®®®® and electrolytic’’ water oxidation phase have
proposed H,O" as an intermediate that decays through eq
9.”% The outer-sphere pathway given by eq 8 must allow H,0
to approach sufficiently close to the BDD surface to initiate an
electron-transfer process. Our contact angle, chronoamperom-
etry, and XPS results all suggest that some water is able to
penetrate into the molecular layer. These observations are
consistent with previous molecular dynamics studies of
molecular ligands on diamond surfaces,”’ showing that because
the packing density of molecules is not well lattice-matched to
the density of surface C atoms, the molecular layers formed on
diamond have increased structural disorder compared with,
e.g., self-assembled monolayers on gold. The increased
disorder on diamond leads to layers in which the molecules
have a high degree of conformational flexibility, opening gaps
that allow water to penetrate closer to the surface than would
be inferred from the static length of a stretched-out, static
surface ligand. Water molecules that partially penetrate into the
molecular layer can be oxidized in an outer-sphere process to
produce *OH radicals, which can then either diffuse back into
solution or penetrate all the way to the diamond surface to
induce oxidation of residual C—H sites. The resulting oxidized
sites likely play a role in the inner-sphere oxidation of water to

0,.

B CONCLUSIONS

The primary conclusions drawn from this study can be
summarized as follows. First, oxygen evolution and *OH
production under our experimental conditions both arise from
oxidation of H,0O and not OH™. Second, *OH production on
BDD does not depend strongly on surface termination,
indicating that *OH production occurs via an outer-sphere
electron-transfer process. Third, oxygen evolution on BDD
varies strongly with surface functionalization. Finally, hydro-
phobic surface ligands protect the underlying, unreacted C—H
sites from attack by hydroxyl radicals and/or other chemically
reactive species.

A key aspect of our work is that formation of *OH can be
accomplished by one-electron oxidation of H,O, as illustrated
in egs 8 and 9. In contrast, formation of O, involves a more
complex, four-electron process that necessarily has a more
complex pathway involving multiple, sequential electron-
transfer steps, like those indicated in eqs 2—5.”° As a result,
formation of O, is disfavored by the absence of surface
functional groups (such as C—OH) that can form the
necessary intermediates.”> Functionalization of the surface
with strongly hydrophobic ligands reduces the number of
surface sites that are able to participate in inner-sphere
reactions, while also creating a barrier region in which
unfavorable intermolecular interactions block H,O molecules
from reaching surface active sites. The ligands may also have a
protective effect, reducing the ability of *OH radicals to
directly attack the diamond surface, which could then create
labile sites for inner-sphere processes.

This work suggests that the use of hydrophobic ligands may
provide a general pathway toward increasing the efficiency of
outer-sphere electron-transfer processes. Selective production
of *OH is of great interest because of the ability of this radical
to mineralize organic contaminants and sterilize water, in
processes generally referred to as electrochemical advanced
oxidation processes.”””'*’" However, the ability to alter
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electrochemical kinetics to favor outer-sphere reactions has
wider application in electrochemical synthesis and detection, as
the ability to decrease formation of O, should facilitate
enhanced efficiency for other electrochemical oxidation
processes of soluble species that lie well beyond the 123 V
stability limit of water.
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