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Photoemission from diamond films and substrates
into water: Dynamics of solvated electrons and
implications for diamond photoelectrochemistry.

R.J. Hamers,” J.A. Bandy," D. Zhu," and L. Zhang®

Illumination of diamond with above-bandgap light results in emission of electrons into water
and formation of solvated electrons. Here we characterize the materials factors that affect that
dynamics of the solvated electrons produced by illumination of niobium substrates and of
diamond thin films grown on niobium substrates using transient absorption spectroscopy, and
we relate the solvated electron dynamics to the ability to reduce N, to NH;. For diamond films
grown on niobium substrates for different lengths of time, the initial yield of electrons is
similar for the different samples, but the lifetime of the solvated electrons increases
approximately 10-fold as the film grows. The time-averaged solvated electron concentration
and the yield of NH; produced from N, both show maxima for films grown for 1-2 hours, with
thicknesses of 100-200 nm. Measurements at different values of pH on boron-doped diamond
films show that the instantaneous electron emission is nearly independent of pH, but the
solvated electron lifetime becomes longer as the pH is increased from pH=2 to pH=5. Finally,
we also illustrate an important caveat arising from the fact that charge neutrality requires that
light-induced emission of electrons from diamond must be accompanied by corresponding
oxidation reactions. In situations where the valence band holes cannot readily induce solution-
phase oxidation reactions, the diamond itself can be etched by reacting with water to produce
CO. Implications for other reactions such as photocatalytic CO, reduction are discussed, along
with strategies for mitigating the potential photo-etching phenomena.

environments are interesting chemically because they provide
pathways toward new types of non-thermal chemistry.(20, 21)

Diamond is well known for its outstanding chemical and physical
properties.(/) Included among these are a wide window of stability
as a function of electrochemical potential and pH, and a very high
overpotential for reduction of H' to H,.(Z) (2) While the
electrochemistry of diamond has been heavily exploited,(/, 3-7)
fewer studies have investigated its photoelectrochemistry.(8-/7) One
particularly important property of diamond is that its very high
conduction band energy leads to negative electron affinity
(NEA).(12-16) In NEA, the conduction band lies above the free
energy of a stationary electron in vacuum, often referred to as the
“vacuum level”. Termination of the surface with H atoms assures
that the C-H surface dipole enables electron emission in a nearly
barrier-free manner. (/2) One consequence of negative electron
affinity is that illumination of diamond with above-bandgap light
leads to facile electron of emission of electrons. The emission of
electrons into vacuum has been widely studied because of its
potential applications such as display technologies.(/7-19) The
emission of electrons is not limited to vacuum, and in principle NEA
can lead to emission of electrons into gases and even liquids. These

This journal is © The Royal Society of Chemistry 2013

Recently we performed the first studies showing the ability of
diamond to photo-emit electrons into water, with direct detection of
solvated electrons enabled by transient absorption spectroscopy. (20)

Fig. 1 shows an energy level diagram for an H-terminated diamond
surface in contact with an aqueous solution. Also depicted are some
reduction reactions relevant to the diamond’s unique photoemissive
abilities, along with the reduction potentials at pH=7. These
potentials were obtained from tabulated standard potentials(22, 23)
using the Nernst equation to calculate values at pH=7, leaving other
reactants and products in their standard states. Of particular interest
are diamond’s ability to produce solvated electrons, atomic
hydrogen, and the one-electron reduction of CO, to the CO, anion.
These reactions occur at strong negative potentials that cannot be
reached by any other common semiconductor electrode conduction
band. Of these reactions, the formation of solvated electrons is the
first step, since other reactants (such as CO, or H") are usually
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present at much lower concentrations compared with the ~55 Molar
concentration of water molecules in pure water.

E vs. SHE (V)
-6
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=== H*+e-OH
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2

Fig. 1. H-terminated diamond in contact with aqueous
electrolyte; electrochemical reduction potentials shown are
for pH=7 with other reactants and products at their
thermodynamic standard states. Valence band (vb) and
conduction band (cb) energies are typical for H-terminated
diamond.

produced by diamond. Fig. 3 shows the change in transmission of
the 705 nm beam after the sample is excited with above-bandgap
light (213 nm) with data from a fresh Nb surface and also diamond
thin films grown on Nb. These diamond thin films were grown via
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Fig. 2. Illustration of transient absorption apparatus for
measuring solvated electron emission from diamond. The sample
is a diamond thin film on Nb substrate, immersed in a cuvette
filled with water. A fast photodiode (PD), amplifier and
oscilloscope record the change in intensity of light from a 705
nm diode laser (DL) after the sample is excited by a pulsed UV
laser.

The reactions depicted closer to the valence band are important
because, as described later, photoemission of electrons must be
accompanied by oxidation reactions. Fig. 1 depicts some potentially
relevant reactions (written as reduction reactions, to maintain
consistency with standard electrochemical literature) that can occur
at the diamond surface under appropriate conditions.

Here we describe recent experiments investigating some of the
properties of diamond and the adjacent electrolyte that influence the
emission of electrons into water and some caveats that are important
in understanding the effective use of diamond to induce new
chemistry.

B. Results

B1. Solvated electrons from diamond thin films.

In previous work,(20, 21) we demonstrated that solvated electrons
could be produced in water by excitation of diamond using above-
bandgap light and that smaller, but non-zero, emission could also be
detected at slightly longer wavelengths. Since diamond can be easily
grown on a variety of different substrates, we aimed to understand
whether diamond thin films on metallic substrates would provide
similar performance compared with bulk diamond samples and, if
so, to what extent the electron emission would depend on the
thickness of the films.

We explored the emission of electrons from diamond thin films
grown on niobium. Niobium substrates are widely used as substrates
for diamond films used in water purification,(24, 25) in part because
niobium is chemically robust in water. Fig. 2 illustrates the apparatus
used for transient absorption measurement of solvated electrons

2| J. Name., 2012, 00, 1-3

microwave plasma-enhanced chemical vapour deposition for
different lengths of time ranging from 10 minutes to 4 hours. In each
case the diamond thin film are immersed in a solution of deionized
water. The decreases in intensity at t=0 arise from the emission of
solvated electrons, which have a broad absorption peak centered near
692 nm at room temperature.(26, 27) Fig. 3 shows that solvated
electrons are observed being emitted from both the starting Nb
surface and from the diamond films on Nb substrates.

Due to the complex geometry of the 705 nm detection beam relative
to the sample, the absolute amplitude of the transmitted intensity
cannot be easily related to an electron concentration. However, as all
samples use the same geometry, the amplitudes can be compared
between different samples. The data in Fig. 3 were fitted to simple

exponential functions of the form Al = A eXp_t/T . The resulting

fits are shown in Fig. 3, and the extracted values of electron lifetime
T and the maximum amplitude of the solvated electron signal A, are
graphed in Fig. 4.

The amplitude of the initial solvated electron signal at time=0 is a
direct measure of the efficiency of electron emission, while the
lifetime is a measure of the available decay channels. The values
graphed in Fig. 4 show that the instantaneous amplitudes (e.g., the
decrease in transmission at t=0) are similar for the bare Nb surface
and for the diamond films at all growth times, although a very small
decrease in A, is observed (Fig. 4b) as the film thickness increases.
Much more significant is that the lifetime of the solvated electrons
increases from 77 ns on the bare Nb surface to a constant value of ~
600 ns on samples grown for 2 hours or more (Fig. 4a).

This journal is © The Royal Society of Chemistry 2012
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Fig. 3. Transient absorption measurements showing
transient decrease in the transmission of the 705 nm
laser. Measurements are shown on the starting bare
Nb substrate and on diamond films grown on Nb for
the indicated lengths of time up to 4 hours.

In our previous work(20, 21) we showed that solvated electrons were
able to induce photocatalytic reduction of N, to NH;. This specific
reaction is a stringent test of the ability to initiate new chemistry as
this reaction has one of the largest known reaction barriers(28) and
therefore cannot be performed efficiently with any known
photocatalyst.(29) The critical step in the reaction is the formation of
N, + ¢ +H" = N,H, which requires approximately 3 eV of
energy.(28) In photocatalytic applications, the overall yield of the
reactions is expected to vary depending on the time-averaged
concentrations of electrons. While electron-induced reactions, such
as N, reduction, are complex and their overall kinetics may not be a
simple function of the electron concentration, we calculated the
overall area of the exponential curves in Fig. 4c using Area=A,T,
because the data are well fit by simple exponential decays. Since the
maximum electron yield Ay has a small decrease with increasing
growth time, the area Area=A,T has a slight maximum, which
occurs after a time of approximately 2 hours.

This journal is © The Royal Society of Chemistry 2012
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Fig. 4d shows experimental data depicting the yield of ammonia
(NHj;) produced when the samples of Fig. 4 were immersed in N,-
satured water with 10 mM Na;SO,_ and illuminated continuously
with light from a 450 W HgXe lamp. These catalytic yield data show
that there is a clear maximum in the ammonia yield on films grown
for approximately 1 hour. While the diamond film growth time that
yields the maximum electron yield with pulsed excitation (~ 2 hours)
is slightly different than the growth time yielding the best
photocatalytic activity with continuous illumination (~ 1 hour), both
appear to show best performance using films that have been grown
for approximately 1-2 hours. Electron microscopy images of the
films (not shown) reveal that the diamond growth is continuous
within ~ 30 minutes of growth and that the film thickness after 1-2
hours of growth is approximately 100-200 nm as measured by
ellipsometry.
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Fig. 4. Analysis of the data from Fig. 3, showing how growth
time affects specific solvated electron properties and the
resulting catalytic performance. 3. a) electron lifetime, b)
maximum amplitude of transient , ) total area under electron
decay curve, and d) ammonia yield.
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We also used scanning electron microscopy to characterize the
changes in the diamond film growth. Fig. 5 shows a scanning
electron microscope image of the diamond film on Nb after growth
for 1 hour. At this point the surface shows diamond crystallites that
are approximately 50-150 nm in size. Measurements of the film
thickness show an average thickness of approximately 150 nm. Since
the grain size and ellipsometric thickness are nearly identical, this

indicates that the film is just on the threshold of being continuous.
Images at longer times show larger grain sizes and a continued
evolution of the morphology.

Fig. 5. Scanning electron microscope images of diamond film
after growth for 1 hour. The inset shows a higher-
magnification of a region from the same sample.

B2. Influence of solution pH on electron emission.

While the data in Fig. 1-4 were obtained at pH=7, the fate of
solvated electrons is strongly dependent on the pH. It is well known
that solvated electrons rapidly react with H" to form neutral atomic
hydrogen atoms (H‘), via H" + ¢ He. Hydrogen atoms are highly
reactive, and in our recent computational study of N, reduction to
NHj; (21) we found that this reaction plays a central role in the
overall catalytic reduction efficiency. To test the dependence of
electron emission on pH, we conducted studies using free-standing,
boron-doped diamond substrates. These substrates were chosen
because they can easily be purchased and act as a great
standard.(The corrosion is only an issue if you bias the substrate
positively, which we do not want to really do anyway. The acid
does not react at a noticeable rate, even with copper, in case you did
not know.)

Fig. 6a shows transient absorption measurements of electron
emission from a boron-doped diamond sample into solutions of
varying pH, all measured using 213 nm excitation. In each case the
pH was controlled using the NaH,PO,4-Na,HPO, buffer (1 mM of
combined concentration) for pH=5 and pH=7, and using H;PO, for
pH=2 and pH=3. For pH=7 and pH=5 relatively long solvated
electron lifetimes of 255 and 310 nanoseconds are observed; similar
results are also observed at pH=9. However, as the pH is decreased
to pH=3 the solvated electron lifetime decreases to 37 ns, and for

4| J. Name., 2012, 00, 1-3
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Fig. 6. Influence of pH on solvated electron
dynamics and subsequent chemistry. a) Transient
absorption spectra from boron-doped diamond at
different values of pH. b) ammonia yield as a
function of pH.

pH=2 the lifetime is <10 ns and limited by the time resolution of the
detection electronics.

Fig. 6b shows the corresponding ammonia yield data as a function of
pH, measured in N,-saturated water. The overall ammonia yield
reaches a maximum near pH=7.

Our data indicate that for pH<5 the solvated electron kinetics are
controlled by the reaction H + ¢ = He. For pH>5, the lifetimes are
likely dominated by other reactions and/or possibly by
recombination with the diamond substrate. The lifetimes observed
with highly boron-doped diamond are slightly shorter than those
observed on the diamond thin films grown on Nb. This suggests that
there may be some impact of the diamond itself on the solvated
electron lifetime, possibly via image-charge effects or by material-
dependent recombination pathways. Computational modelling

This journal is © The Royal Society of Chemistry 2012
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studies of the overall N, to NH; reaction pathway show that the only
feasible reaction sequence involves.

1) Diamond + H,O + light = ¢ (,q) (solvated electron)
2)€ @+ H > He

3)He + N, > N,H

4)N,H +He> N,H,.

N,H, is a very stable molecule that can be rapidly reduced to
NH;.(28) In this reaction sequence, atomic hydrogen produced by
reaction of solvated electrons plays a key role in two distinct steps.
While it might be expected that the highest ammonia yield would be
observed at the lowest pH (where the solvated electrons react most
rapidly and presumably produce the highest concentration of H), the
reaction yield is actually highest at intermediate pH. Detailed rate
modeling is able to reproduce this trend by including a wider range
of side-reactions.(2/) One reaction of particularly great importance
is the bimolecular reaction He + He - H, (gas), which becomes a
particularly important alternative reaction pathway at low pH. While
much remains to be learned about the reaction pathways of such
high-energy species, it is clear that the ability to produce solvated
electrons by photoexcitation of diamond enables chemistry to be
investigated in an entirely new regime not accessible with
conventional electrochemistry or other semiconductor
photoelectrochemistry.

B3. Photo-induced etching of diamond. Caveats and implications
for photocatalytic reduction of CO,.

The emission of electrons into water must always be accompanied
by oxidation processes in order for the diamond to maintain charge
neutrality. Consequently, when investigating diamond for catalytic
reduction reactions, it is equally important to consider the oxidation
reactions induced by the valence band holes.

In water, holes in diamond’s valence band have several oxidation
pathways. As shown in Fig. 1, for diamond samples with electron
affinity of approximately -0.8 V, the 5.5 eV bandgap places the
valence band approximately 4.7 eV below the vacuum level or
approximately -0.26 V relative to the standard hydrogen electrode.
Water oxidation at pH=0 has a standard redox reduction potential
(O, +4H" +4¢” > 2H,0) of 1.23 V vs. SHE, but at pH=7 the
reduction potential is approximately 0.81 V vs. SHE. Thus, if the
valence band lies more positive than +0.81 eV (or equivalently, more
than ~5.2 V below vacuum) then it is thermodynamically capable of
oxidizing water to produce O, + H'. However, diamond and other
carbon-based materials have an additional pathway, which is through
oxidation of the substrate itself. Many prior studies have shown that
under acidic conditions carbon can be oxidized at potentials of ~ 0.8
V to form CO, and CO.(30-33) There are two important oxidation
reactions of diamond itself.

C+H,0>CO,+4H +4 ¢ and

C+H,0> CO+2H"+2¢.

The reduction potentials associated with the corresponding reduction
reactions are. (23, 30)

This journal is © The Royal Society of Chemistry 2012
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CO, +4H" + 4¢ > C +2H,0
CO+2H"+2¢ 2> C+H,0

E’=0.207 V (E=-0.206 at pH=7)
E’=0.518 V (E=0.105 V at pH=7)

At pH=7, oxidation of carbon to form CO becomes possible for
potentials more positive than 0.105 V, while oxidation to form CO,
is possible for potentials more positive than -0.206 V (in both cases
assuming gaseous products produced at 1 atmosphere pressure). In
either case, at circumneutral pH, oxidation of the diamond substrate
to form CO and/or CO; is both thermodynamically favored over
oxidation of water.

HITRAN simulation, 12CO

illll,
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Fig. 7. Infrared measurements of CO produced from
H-terminated nanodiamond illuminated in water
with different dissolved gases, along with the
computer simulations of spectra for *CO and "*CO.

Because complex, multi-electron reactions such as the above
reactions for oxidation of water and of carbon are often strongly
kinetically hindered, it is difficult to predict what valence band
reactions will dominate. However, a key consequence of the above
thermodynamic analysis is that unless steps are taken to provide
alternative pathways for the valence-band holes, photo-induced

J. Name., 2012, 00, 1-3 | 5
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etching of the diamond to produce CO and CO, as products is
thermodynamically allowed. To illustrate this, we conducted
experiments using H-terminated detonation nanodiamond in aqueous
0.1 M KCl solution. In these studies, nanodiamond powder was
cleaned and then H-terminated by heating in H, at 750°C. The H-
terminated powder was then stirred into an aqueous solution of 0.1
M KCI. The solutions were then spared with argon, CO, or
isotopically labeled *CO, for 30 minutes and illuminated with UV
light. Since natural-abundance CO, is ~99% 12C0,, we refer to this
as 2CO,. After illuminating for 30 minutes, the gas-phase products
were analyzed by Fourier-transform infrared spectroscopy.

Fig. 7 shows the resulting experimental spectra of the gaseous
products in the primary CO absorption region, along with
simulations of the expected spectra of *CO and '2CO using the
HITRAN spectral database.(34) These data show several important
facts. First, '2CO production is observed in the solutions saturated
with 2CO,, *CO,, and argon. In each case, the resulting spectrum
matches almost perfectly the expected spectrum of ?CO. Even when
the solution was purged using isotopically pure *CO,, the major
isotope of CO produced is '>CO. This isotope distribution shows that
the vast majority of the CO produced does not come from the gas-
phase CO; in the solution, but must instead come from the diamond
sample itself. This conclusion is confirmed by the fact that CO is
also observed when the solution is extensively purged with ultra-
pure argon. In this case the only significant source of carbon in the
system is the diamond powder itself.

As we will report elsewhere, the problem of photo-induced oxidation
of diamond can be alleviated, but great care must always be taken to
ensure that the reactions are truly catalytic. One approach is to use
conductive diamond samples, and to connect the diamond to another
electrode, such as Pt, that has faster oxidation-reduction kinetics.
The intentional addition of species that are readily oxidized by the Pt
and/or by the valence band holes can also reduce the problem. This
general approach was recognized more than 50 years ago in the
seminal work by Fujishima and Honda using TiO, to photocatalyze
oxidation reaction.(35) In that work they used illuminated TiO, to
oxidize organic species, but connected the TiO, to a Pt electrode to
achieve reduction reactions that are otherwise very slow on TiO,
because of its shallow conduction band energy.(35) On diamond the
situation is reversed, with the electron emission being facile but
corresponding oxidation reactions being sluggish and problematic.

The problem of photo-etching is most severe with nano-diamond
powder, since in this case the overall low crystal quality and
presence of many under-coordinated surface sites makes the surfaces
more reactive. To avoid these problems, several modifications to the
experimental procedures are necessary, with the goal of ensuring that
the valence-band holes cannot oxidize diamond to CO or CO,. These
modifications, as explained in the experimental section, primarily
involve using a Pt electrode in contact with a redox couple having
facile oxidation kinetics. More detailed procedures and the
enablement of selective CO, reduction without diamond etching will
be described elsewhere.(36)

C. Discussion.

6 | J. Name., 2012, 00, 1-3
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While photoemission into water has some relation to photoemission
into vacuum, there are also significant differences, such as the high
electric field that can be present in the electrical double-layer, and
the fact that electrons can be trapped near interfaces of a solid-liquid
interface. Benderskii and co-workers (37) investigated
photoemission from metals into liquids and noted that there are two
possible mechanisms of photoemission. One, a direct surface effect
that is controlled by the electric field component perpendicular to the
surface, and two, a volumetric effect that is not dependent on the
optical polarization. Under the conditions of our experiments
(excitation directed normal to the surface) only the volumetric effect
should be possible since with normal incidence there is no
component of electric field perpendicular to the interface.(37)

The presence of solvated electrons was inferred as early as the
1970’s from steady-state photocurrent measurements of
photocurrents induced in water containing various electron acceptors
and illuminated with ultraviolet light.(37-39) Yet, to the best of our
knowledge the present work is the first direct measurement of
solvated electrons from a metal by transient absorption spectroscopy.
Our data show, somewhat surprisingly, that the major change
observed in growing diamond films onto Nb is a dramatic increase in
the lifetime of the solvated electrons. This can be understood on the
basis of a simple model depicted in Fig. 8.

Metal surfaces contain a continuum of states, and therefore when an

Diamond Metal (niobium)

ch, - -
Emission and —] Emission and
olvation - — olvation
— —

< = € (aq)
Recombination

— " (2q)

Excitation

Excitation

Thermalization

Fig. 8: Schematic depiction of processes controlling solvated
electron lifetime on diamond vs. metal surfaces.

electron is injected into the solution and becomes solvated, it has a
large number of degenerate states associated with the continuum of
empty states of the metal. Thus, the electron can easily recombine
and thermalize within the metal. In contrast, when an electron is
ejected from a diamond-coated surface, the emission is essentially
irreversible because the solvated electron energy is well below the
conduction-band minimum. There are no (or few) electron states in
diamond at the energy of the solvated electron, and therefore no
possibility for the electron to recombine without simultaneously
being able to lose large amounts (~ 3 eV) of energy. Thus, on metals
it is likely that the lifetime is controlled by recombination in the
metallic states, while in the case of a diamond-coated electrode the
lifetime is controlled by chemical processes such as reduction of
protons, described earlier. While much remains to be learned about
the dynamics of electron emission and its implications for chemical

This journal is © The Royal Society of Chemistry 2012
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processes, the ability to easily create solvated electrons from a solid-
state material brings with it a range of new opportunities for high-
energy chemistry.

D. Experimental
Materials and methods

Growth of diamond thin films. Niobium substrates were seeded by
polishing with 0-2 micron and 0-0.1 micron sized diamond particles.
To remove any of the larger sized particles and aggregates, the
polishing was followed by sonication in methanol followed by
water. Diamond growth was accomplished using a microwave
plasma-enhanced chemical vapor deposition system using a mixture
of hydrogen and methane gas. Growth consisted of an initial 10
minute nucleation phase using a H, and CH, flow rates of 200
standard cubic centimeters per minute (sccm) and 2 sccm,
respectively, with a microwave power of 1000 W. The nucleation
phase was followed by a growth phase using a 200 sccm and 1 sccm
flow rates for H, and methane, respectively, and a microwave power
of 800 watts. In the growth phase, the substrate temperature is
approximately 750 [JC as measured by an optical pyrometer.
Finally, the growth phase was followed by a 10 min etching in
hydrogen plasma only to remove/reduce sp? hybridized carbon on
the surface. In all phases, the pressure in the chamber is maintained
at 48 torr.

Measurement of solvated electrons. Solvated electrons were
measured using transient absorption spectroscopy. An ultraviolet
pulsed laser (NT340, EKSPLA, Inc., Vilnius, Lithuania), was used
to excite the samples at 213 nm, with the pulse energy adjusted to
1.5 mJ using a polarizing prism. A 705 nm diode laser (Newport
LP705-SF15) with a F240FC-780 fiber collimator passed
immediately in front of the sample. The transmitted light was
detected using a 1.2 GHz silicon detector, Newport model 818-BB-
21, amplified using FEMTO amplifier, DHPCA-100 (100 V/A
transimpedance, 20 MHz bandwidth) and recorded using a 4 GHz
digital oscilloscope (Agilent Model DSO9404A). To reduce radio-
frequency noise from the pulsed laser, a background subtraction is
typically performed. After each sample is measured under the
desired conditions, the solution is then acidified with H,SO,4, which
reacts rapidly with the solvated electrons but leaves all other
properties unchanged; this background spectrum is recorded and
subtracted from the original transient.

Measurement of ammonia yield. UV illumination used a Newport
Model 6278 UV-enhanced Xenon lamp, 450 Watts electrical power.
The light was passed through a water-cell to remove infrared light,
and then collimated onto the sample. Ammonia yield experiments
were performed in a 2-compartment cell with a separating glass frit.
The sample was immersed in a solution of 10 mM Na,SO,; the
reference electrode consisted of a Pt wire immersed in a /15
solution with an I'/I3” concentration ratio of 250:1. In experiments
reported here, the sample was also biased at -0.3 V relative to the
reference electronde in order to minimize the possibility of the
valence band holes inducing etching or other oxidation reactions.
Control experiments without bias showed this small bias to have no

This journal is © The Royal Society of Chemistry 2012
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significant effect on ammonia yield. Ammonia yield was measured
using the indophenol blue method. In this method, 0.100 ml ofa I M
NaOH solution containing 5% salicylic acid and 5% sodium citrate
(by weight) was added to 2 ml of sample solution, followed by
addition of 0.02 ml of 0.05 M NaClO and 0.02 ml of an aqueous
solution of 1% (by weight) Na[Fe(NO)(CN)s]. The absorption
spectrum was taken with a Shimadzu 2401PC Ultraviolet-Visible
Spectrophotometer after allowing the mixture to stand for 1 hour.
The formation of indophenol blue was determined by reading the
absorbance at a wavelength of 700 nm. Appropriate standards were
run to generate a working curve for quantitative analysis.

Diamond photo-etching. Detonation nano-diamond (4-6 nm
diameter) was first hydrogen-terminated at 750 °C in a tube furnace
at atmospheric pressure under a 50 sccm H, flow for 3.5 hours. It
was then dispersed in 0.1 M KCI aqueous solution (nanodiamond
powder concentration. 1 g/L). 18.2 MQ NanoPure (Barnstead) water
was used to minimize any possible organic contamination. The
solution was then purged with CO, or Argon for 30 min under
ambient pressure and exposed to ultraviolet light for 16 hours with
constant stirring. The reaction products were passed through a valve
directly into a custom-made infrared gas cell for analysis of the gas-
phase products by Fourier-transform infrared spectroscopy (Bruker
Vertex 70 with a liquid nitrogen-cooled HgCdTe detector.

E. Conclusions

Our results show that the dynamics of the solvated electrons
play a crucial role in the overall efficiency of photocatalytic
reactions at diamond surfaces. While both metals (niobium) and
diamond are able to create solvated electrons upon excitation
with ultraviolet light, the electrons produced at niobium
surfaces exhibit a much shorter lifetime. The much longer
lifetime for electrons produced by diamond likely arises from
the absence of any electronic states in the diamond bandgap
that are energetically degenerate with the solvated electrons.
Therefore the bandgap of diamond causes electron emission to
be an irreversible process: once the electron is emitted, its
primary pathway involves chemical reduction reactions. In
contrast, on metals the presence of degenerate states leads to
shorter lifetimes for the solvated electrons. The longer electron
lifetimes of the solvated electrons produced at diamond
surfaces provides greater opportunity for the electrons to
initiate new chemistry. New high-energy reactions such as N,
reduction and, in principle, CO, reduction via a simple 1-
electron reduction (instead of competing proton-coupled
electron transfer processes) are therefore possible.

To realize the effective utilization of diamond for
photocatalysis, it is essential to also control the valence-band
holes to ensure the diamond surface is not corroded. These
strategies can be chemical in nature by providing sacrificial
reactants and/or by using alternative materials such as Pt to
carry out the oxidation reactions necessary to maintain charge
neutrality.
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