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1
DIAMOND ELECTRON EMITTER USING
AMINO-TERMINATION

REFERENCE TO GOVERNMENT RIGHTS

This invention was made with government support under
1207281 and 1240151 awarded by the National Science
Foundation. The government has certain rights in the inven-
tion.

BACKGROUND

Diamond is a wide-bandgap semiconductor with a band-
gap of 5.5 eV. The surface of diamond, when terminated
with hydrogen atoms, is known to be an excellent electron
emitter. Hydrogen atoms on the surface lead to a property
known as negative electron affinity (NEA), in which the
conduction band lies above the so-called “vacuum level,”
which is the energy of a free electron in space. Whereas with
conventional semiconductors electrons are bound inside the
material by several electron-volts even when illuminated
with light, when electrons are excited to the conduction band
of hydrogen-terminated diamond, the electrons have no
barrier to emission. Consequently, excitation of hydrogen-
terminated diamond with light more energetic than its band-
gap leads to facile electron emission. Electron emission can
also be stimulated electrically by using an applied electrical
potential through a process known as field emission. Elec-
trons emitted from hydrogen-terminated diamond via light
or applied electrical potential are capable of inducing a
variety of reduction reactions (e.g., N, to NH; or CO, to CO)
in fluid samples (e.g., aqueous samples) without requiring
the reactants to be adsorbed to the surface of the hydrogen-
terminated diamond.

SUMMARY

Amino-terminated diamond surfaces, methods of making
amino-terminated diamond surfaces, and methods of using
the amino-terminated diamond surfaces as solid-state elec-
tron emitters are provided. As compared to hydrogen-termi-
nated diamond surfaces, the amino-terminated diamond
surfaces exhibit superior electron emission and are surpris-
ingly and significantly more chemically stable in the pres-
ence of UV light and water.

In one aspect, a method for the photoreduction of mol-
ecules is provided which comprises illuminating an amino-
terminated diamond surface comprising amino groups cova-
lently bound to the surface of diamond with light comprising
a wavelength sufficient to excite an electronic transition
defined by the energy band structure of the amino-termi-
nated diamond, thereby inducing the emission of electrons
from the amino-terminated diamond surface into a sample
comprising molecules to be reduced, wherein the emitted
electrons induce the reduction of the molecules to form a
reduction product; and collecting the reduction product.

In another aspect, a reduction system is provided which
comprises a reduction cell comprising amino-terminated
diamond comprising amino groups covalently bound to the
surface of diamond, the reduction cell further comprising a
sample comprising the molecules to be reduced; a light
source configured to illuminate at least a portion of the
reduction cell with light having a wavelength sufficient to
excite an electronic transition defined by the energy band
structure of the amino-terminated diamond, thereby induc-
ing the emission of electrons from the amino-terminated
diamond surface into the sample to induce the reduction of
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the molecules to form a reduction product; and a reduction
product collection cell configured to collect the reduction
product generated in the reduction cell.

Other principal features and advantages of the invention
will become apparent to those skilled in the art upon review
of the following drawings, the detailed description, and the
appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Iustrative embodiments of the invention will hereafter be
described with reference to the accompanying drawings,
wherein like numerals denote like elements.

FIGS. 1A-C show schematic illustrations of OH-termi-
nated (A), H-terminated (B) and amino-terminated (C) dia-
mond surfaces according to illustrative embodiments.

FIG. 2 illustrates the transient light absorption measure-
ment of solvated electrons produced by photoemission from
functionalized diamond surfaces.

FIG. 3 shows the photoelectron emission at UV excitation
wavelength of 210 nm from H-terminated and amino-ter-
minated B-doped diamond, measured by transient light
absorption at UV pulse energy of 0.79 mJ. The waveforms
are fitted with exponential decay function of V=B+A exp~
.

FIG. 4 shows the absorption signal of solvated electrons
at 210 nm as a function of UV power from H-terminated and
amino-terminated B-doped diamond.

FIGS. 5A-B show Mott-Schottky measurements of the
hydrogen-terminated (A) and amino-terminated (B)
B-doped diamond in 0.1 M KCl solution at 2 kHz.

FIG. 6 shows the SPV signal as a function of UV photon
energy from amino-terminated B-doped diamond before and
after acidification, measured at UV pulse energy of 0.1 mlJ.

FIG. 7 shows the UPS spectra of amino-terminated dia-
mond before and after reacting with HCI.

FIGS. 8A-B show the XPS spectra of amino-terminated
and H-terminated diamond before and after 12 hours of
illumination with 450 W UV-enhanced HgXe lamp. FIG. 8A
shows the amount of surface nitrogen on amino-terminated
diamond before and after illumination and FIG. 8B shows
the amount of surface oxygen on amino-terminated and
H-terminated diamond before and after illumination.

FIG. 9 is a schematic depiction of a reduction system 900
according to an illustrative embodiment. The reduction
system 900 comprises a reduction cell 902 which comprises
a fluid sample 904 comprising the molecules to be reduced
and an amino-terminated diamond surface 906. The mol-
ecules to be reduced are introduced into the fluid sample 904
via the inlet port 908. The reduction system 900 further
comprises a light source 910 configured to illuminate a
portion of the reduction cell 902 with light 912. The reduc-
tion system 900 further comprises a reduction product
collection cell 914 configured to collect reduction product
generated by the reduction cell 902 via outlet port 916.

DETAILED DESCRIPTION

Amino-Terminated Diamond Surfaces

The term “diamond” refers to carbon materials, wherein
the carbon atoms are primarily sp> hybridized, and includes
species of diamond having varying degrees of crystallinity.
Suitable carbon materials having sp® hybridization=50%
include microcrystalline diamond, nanocrystalline diamond,
ultrananocrystalline diamond and diamond-like materials,
such as tetrahedral amorphous carbon (ta-C). The diamond
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can be a high-quality, electronics-grade diamond. However,
lower grade diamond, including diamond grit can be used.

The diamond can assume different forms. By way of
illustration, the diamond can be provided in the form of a
powder that forms a suspension in a fluid sample. Diamond
powders characterized by different average particle sizes
may be used. By way of illustration, diamond powders
characterized by an average particle size in the range of from
about 100 nm to about 300 nm may be used. Alternatively,
the diamond can be provided as a coating on a support
substrate or can be otherwise integrated into the support
substrate to provide a diamond electrode that can be
immersed into a fluid sample. The diamond electrode may
be formed substantially entirely of diamond.

In some embodiments, the diamond is not in contact with
or associated with another active material, i.e., a material
which is capable of emitting electrons under conditions
which induce the emission of electrons from the diamond.
By way of illustration, in some embodiments, the diamond
is not in contact with silicon. When diamond electrodes are
used, in some embodiments, the support substrate does not
comprise silicon and the diamond electrode is substantially
free of silicon.

The diamond can be undoped or doped. The dopants can
be p-type dopants, e.g., boron (B) atoms, or n-type dopants,
e.g., nitrogen (N) or phosphorus (P) atoms. Undoped dia-
mond has a strong absorption in the UV region of the
electromagnetic spectrum. By comparison, nitrogen-doped
diamond or diamond doped with other n-type dopants can
also absorb longer wavelengths of light, even visible light.

The surface of the diamond is amino-terminated, by
which it is meant that amino groups are covalently bound to
the surface of the diamond. The amino groups can be
directly covalently bound to the surface of the diamond, i.e.,
the nitrogen atoms of the amino groups may be directly
covalently bound to the surface of the diamond without any
intervening atoms or molecular groups between the nitrogen
atoms and the surface of the diamond. The term “amino
group” includes functional groups in which the nitrogen
atom comprises a lone electron pair as well as functional
groups in which the nitrogen atom is positively charged.
Thus, the term “amino group” encompasses primary amino
groups, secondary amino groups, tertiary amino groups,
quaternary amino groups as well as the protonated states of
primary amino groups, secondary amino groups and tertiary
amino groups.

The amino groups may comprise or consist of —NR,R,
groups wherein “—” denotes the covalent bond to the
diamond surface and R, and R, independently selected from
hydrogen, alkyl and aryl groups. However, in some embodi-
ments R, and R, are not aryl groups. The amino groups may
comprise or consist of —NR R,R;* groups wherein “—”
denotes the covalent bond to the diamond surface and R |, R,
and R; are independently selected from hydrogen, alkyl and
aryl groups. However, in some embodiments R, R, and R,
are not aryl groups.

Alkyl groups can include linear, branched or cyclic alkyl
groups in which the number of carbons may range from, e.g.,
210 12,210 6,2 t0 4, 2 to 3, etc. Alkyl groups can be
unsubstituted, by which it is meant the alkyl group contains
no heteroatoms. Alkyl groups can be substituted, by which
it is meant an unsubstituted alkyl group in which one or
more bonds to a carbon(s) or hydrogen(s) are replaced by a
bond to non-hydrogen and non-carbon atoms. An illustrative
alkyl group is methyl.

Aryl groups can be monocyclic having one aromatic ring
or polycyclic having fused aromatic rings (e.g., two, three,
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etc. rings). Monocyclic aryl groups can be unsubstituted or
substituted as described above with respect to alkyl groups.
Polycyclic aryl groups are unsubstituted.

Tlustrative amino groups include —NH,, —NH,",
—N(CHs;),, —N(CH,;),H*, and —N(CH,);*. The amino
groups on surface of the diamond may be the same type of
amino group or the surface may be terminated with different
types of amino groups.

The surface coverage of amino groups on the diamond
surfaces is not particularly limited. However, the surface
coverage is typically maximized to achieve highly function-
alized diamond surfaces. In some embodiments, the surface
coverage of amino groups is at least 1 group/nm?. This
includes embodiments in which the surface coverage is at
least 2 groups/nm?, at least 3 groups/nm> etc. In some
embodiments, a monolayer of amino groups is covalently
bound to the surface of the diamond.

The amino-terminated diamond surfaces may be made
using a variety of techniques. One method comprises expos-
ing a diamond surface to a plasma formed from a gas
comprising an amino group precursor. The choice of amino
group precursor depends upon the desired amino groups on
the diamond surface. By way of illustration, —NH, amino
groups may be covalently bound to a diamond surface by
exposing the diamond surface to a plasma formed from a gas
comprising ammonia (NH;). The plasma conditions, e.g.,
power, pressure, and exposure time, may be adjusted to
provide a desired surface coverage of amino groups (e.g.,
maximum surface coverage). The plasma is typically a
radio-frequency (RF) plasma, but this is not required. Addi-
tional illustrative details of plasma deposition of amino
groups are provided in the Examples below.

In some embodiments, the method may further comprise
exposing the plasma treated diamond surface to an acid to
provide the amino group. This can be useful to protonate
amino groups (e.g., —NH,) covalently bound to the dia-
mond surface via the plasma in order to provide the desired
amino groups (e.g., —NH,;). This step is not necessary if the
plasma treatment directly provides quaternary amino groups
(e.g., —NR,R,R;").

Applications

The amino-terminated diamond surfaces can be used as
electron emitters for catalyzing the reduction of a variety of
molecules, such as those capable of reduction via a one-
electron reduction process or those that undergo proton-
coupled electron transfer processes. The amino-terminated
diamond surfaces are well-suited for the reduction of small
molecules whose one-electron reduction processes involve
high-energy intermediates. Reduction reactions that can be
carried out using the amino-terminated diamond surface
include, but are not limited to, the reduction of N, to NH; or
hydrazine (N,H,); the reduction of CO, to CO, or organic
molecules such as methane (CH,), formaldehyde (H,CO) or
methanol (CH;OH); and the reduction of nitrogen oxides
(NO,, i.e., NO and NO,) to N,. Other molecules that can be
reduced include benzene ring-containing organic molecules
of the type that are reducible via Birch reduction. Examples
of such molecules include substituted and unsubstituted
benzene and naphthalene. Benzene may be reduced to
organic molecules having a 1,4-cyclohexadiene ring.

The reductions may be single-step reductions or multiple
(e.g., two or more) step reductions. For example, the amino-
terminated diamond surfaces can be used to reduce CO, to
CO, which can be further reduced to other reduction prod-
ucts, such as CH,, H,CO and/or CH;OH. Alternatively, the
intermediate reduction products in a multiple-step reduction
scheme can themselves be used as the starting product in a
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single-step reduction. For example, rather than starting with
CO,, CO can be used as a starting product in a single-step
reduction scheme for the production of CH,, H,CO and/or
CH,OH.

The emission of electrons from the amino-terminated
diamond surfaces is induced by exciting electronic transi-
tions defined by the energy band structure of the amino-
terminated diamond. The excited emitted electrons are
capable of subsequently reducing molecules to form reduc-
tion products as described above. Thus, the amino-termi-
nated diamond is the active material from which the excited
emitted electrons originate and substantially all of the reduc-
tion product is formed via such excited emitted electrons.
This is by contrast to composite electrodes comprising
diamond simply as a conductive material and some other
material (e.g., silicon) as the active material from which
excited electrons originate.

The emission of electrons from the amino-terminated
diamond surfaces can be induced by light. Thus, in some
embodiments, a method for the photoreduction of molecules
comprises illuminating an amino-terminated diamond sur-
face with light comprising a wavelength sufficient to induce
the emission of electrons from the amino-terminated dia-
mond surface into a sample comprising the molecules to be
reduced. The emitted electrons induce the reduction of the
molecules to form a reduction product which can be sepa-
rated from the sample and collected. The wavelength(s) of
light are selected depending upon the electronic transition of
amino-terminated diamond to be excited. By way of illus-
tration, the wavelength(s) can be that which excites electrons
from the valence band of the diamond to the conduction
band of the diamond, i.e., wavelengths of about 230 nm
(corresponding to the 5.5 eV bandgap energy of diamond) or
lower. As another illustration, for n-type diamond, e.g.,
nitrogen-doped diamond, light having longer wavelengths
(as compared to the bandgap energy of diamond) may be
used to excite electrons from another occupied band of the
diamond (e.g., a donor band). In such an embodiment, light
having a wavelength(s) of about 550 nm or less or a
wavelength(s) in the range of from about 340 nm to about
550 nm or from about 440 nm to about 550 nm may be used.
In addition, as described in the Examples below, amino-
terminated diamond can comprise filled defect states and
light having longer wavelengths (as compared to the band-
gap energy of diamond) may be used to excite electrons
from these states.

The light may be selected such that it maximizes the
overall photoemission efficiency of the amino-terminated
diamond. This means that the light has a spectral distribution
(i.e., a range of wavelengths and a power/intensity at those
wavelengths) which maximizes the overall photoemission
efficiency of the amino-terminated diamond. The peak in the
spectral distribution of such light may substantially coincide
with the energy of a particular electronic transition, e.g., a
peak at 270 nm or less, or a peak at about 230 nm.

The sample which receives the electrons emitted from the
amino-terminated diamond surfaces can be a fluid sample.
The fluid of the fluid sample in which the reductions are
carried out can be a liquid or supercritical fluid. In some
embodiments, the fluid is the liquid or supercritical fluid
form of a reduction reactant. For example, in the reduction
of CO,, the fluid of the fluid sample can be liquid CO, or
supercritical CO,.

In other embodiments, the fluid of the fluid sample
comprises a solvent for the molecules to be reduced.
Examples of liquid media that can provide a solvent for the
molecules to be reduced and/or other reactants include
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water, aqueous solutions or organic solvent-based solutions.
Suitable organic solvents include those in which the mol-
ecules to be reduced have significant solubility. Examples of
suitable organic solvents include propylene carbonate (PC),
dimethyl formamide (DMF) and methanol, in which CO,
has substantial solubility. In addition, it is advantageous if
the solvent is able to stabilize the solvated electrons emitted
from the amino-terminated diamond. An example of an
organic solvent in which solvated electrons are very stable
is hexamethylphosphoric triamide (HMPA).

The molecules to be reduced can be introduced into the
fluid along with other reactants, such as H,. Gaseous reac-
tants can be introduced into the fluid by flowing or bubbling
them through the fluid sample. In some embodiments, the
fluid sample is saturated with the reactant in order to
maximize the product yield.

The fluid sample can comprise other additives, e.g., an
acid capable of protonating amino groups on the amino-
terminated diamond surface under the conditions in which
the reductions are to be carried out.

The amino-terminated diamond surfaces can also be used
to emit electrons into a vacuum.

The reduction reactions catalyzed by the amino-termi-
nated diamond surfaces can be carried out in a reduction
system comprising a reduction cell; a light source configured
to illuminate at least a portion of the reduction cell with
light; and a reduction product collection cell configured to
collect reduction product generated in the reduction cell. In
this reduction system, the reduction cell comprises a sample
comprising the reactant molecules to be reduced and the
amino-terminated diamond. The light source is selected to
emit radiation having any of the wavelengths described
above. The light source may be an ultraviolet light source
that emits light with wavelengths of about 230 nm or lower.
The light source may be a visible light source that emits light
with wavelengths of about 550 nm or lower. However,
particularly it doped diamond is utilized, a light source that
emits across one or more of the UV, near-UV and visible
regions of the electromagnetic spectrum may be used.
Broadband light sources, such as Xe arc lamps and HgXe arc
lamps are suitable for this purpose. Optionally, filters can be
used to filter out unwanted radiation, such as infrared
radiation.

In some embodiments, the reduction system assumes a
single reduction cell geometry, while in other embodiments
an H-cell geometry is used. In the single reduction cell
geometry, the amino-terminated diamond in the reduction
cell has no external electrical connection and, therefore,
must induce both oxidation and reduction reactions in order
to achieve charge neutrality. In the H-cell geometry an
amino-terminated diamond electrode is immersed in the
sample in a first reduction cell and a counter electrode (e.g.,
a platinum electrode) that is electrically connected to the
amino-terminated diamond electrode is immersed in an
oxidation medium as a second cell (the oxidation cell). In
this geometry the sample and the oxidation medium are in
electrical contact but do not mix and the oxidation and
reduction reactions are separated.

The reduction systems described in U.S. Pat. No. 8,986,
532, which is herein incorporated by reference, may be used.

Once the reduction product is formed, it can be separated
from the sample and captured. For example, gas phase
reduction product molecules will be generated as a gaseous
effluent that can be collected in a collection cell after it
escapes a fluid sample.

FIG. 9 is a schematic depiction of a reduction system
according to an illustrative embodiment.
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In embodiments where an amino-terminated diamond
electrode is utilized, a counter electrode can also be
immersed in the sample. In such embodiments, a voltage
source in electrical communication with the electrodes can
be used to apply a voltage between the amino-terminated
diamond electrode and the counter electrode. The applied
voltage can be that which is sufficient to “push” the electrons
away from amino-terminated diamond surface after they are
emitted and into the sample. However, the applied voltage is
desirably small such that it does not interfere with the
photocatalytic nature of the reduction process. Applied volt-
ages of 10 Vor less, 5 V or less, or 2 V or less may be used.

EXAMPLES

This example demonstrates the preparation, characteriza-
tion and photoemission performance of amino-terminated
diamond surfaces and compares the amino-terminated dia-
mond surfaces to hydrogen-terminated (H-terminated) dia-
mond surfaces.

Materials and Methods

Sample Preparation:

Electrochemical grade B-doped diamond (Element Six)
was H-terminated with hydrogen plasma in a microwave
enhanced plasma chamber. (See Thoms, B. D., Owens, M.
S., Butler, J. E. & Spiro, C. PRODUCTION AND CHAR-
ACTERIZATION OF SMOOTH, HYDROGEN-TERMI-
NATED DIAMOND C(100). Applied Physics Letters 65,
2957-2959, doi:10.1063/1.112503 (1994).) In the process,
the sample was kept in H, pressure of 45 Torr with a
microwave power of 600 W for 15 min. Then microwave
power was reduced to zero over a time period of several
minutes, and the H-terminated diamond was left in the H,
atmosphere for another 15 min to cool near room tempera-
ture.

Amino termination was conducted in a customized RF
plasma chamber in which pure ammonia pressure was kept
at 1.6 Torr with an applied radio-frequency power of 25 W
at a frequency of 13.56 MHz. The process takes up to 10 min
to achieve full amino coverage.

FIGS. 1A-C show schematic illustrations of OH-termi-
nated (A), H-terminated (B) and amino-terminated (C) dia-
mond surfaces. Also labeled is the bandgap of diamond
(5.47 V) and the electron affinities of each surface, 0.4 eV
for OH-terminated, 0.8 eV for H-terminated, and -X eV for
amino-terminated diamond surfaces.

Optical emission spectroscopy (OES) (Ocean optics) was
used to study the components of the ammonia plasma.
Species that may present in NH; plasma are NH;, NH,, NH,
N, N,, H, H,, N,* and e. Among them, N,, NH, H, N,+ can
emit light between 200 nm and 900 nm. In these experi-
ments, only N, and NH were observed. Four peaks which
appeared between 300 nm and 400 nm were attributed to the
emission of N,. NH radicals have a single emission peak
which overlaps with the strongest emission peak of N,. At
higher RF power and lower pressure (e.g., 1.7 torr NH;, 55
W), N, and H, were major species. At lower RF power and
higher pressure (e.g., 1.6 torr NH;, 25 W), the amount of NH
overwhelms over N,. The light emitted by plasma was
collected by an optical fiber (QP400-2-UV/VIS) adjacent to
plasma and analyzed with an Ocean Optics system (part #:
USB 2000+).

The amino-terminated diamond surface was characterized
with X-ray photoelectron spectroscopy (XPS) and by colo-
rimetric analysis of the surface amino group coverage. XPS
was taken with a pass energy of 58.7 eV. The XPS spectrum
showed a large peak centered at 399.2 eV, indicative of
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amino groups on the surface. Sulfo-succinimidyl-4-O-(4,4'-
dimethoxytrityl)-butyrate (SDTB) colorimetric method was
used to characterize the amount of primary amino groups on
the surface. (See Gaur, R. K. & Guptal, K. C. A Spectro-
photometric Method for the Estimation of Amino Groups on
Polymer Supports. Analytical Biochemistry 180, 253-258
(1989).) The dye can liberate light-absorbing trityl groups
when it reacts with amine and concentrated trifluoroacetic
acid. Secondary and tertiary amine won’t contribute to the
total light absorbance so the SDTB method measures the
NH, groups only. The NH, coverage was calculated by
measuring absorbance at 498 nm and fitting to a calibration
curve made with a series of standards. XPS showed a surface
coverage of NH, groups of 2.3 N atoms/nm?, while colori-
metric analysis of the amino groups showed an NH, cover-
age of 0.6 groups/nm?>.

The acidification of amino-terminated diamond was car-
ried out by immersing grafted samples into HCI solution for
1 min and then gently drying with nitrogen flow.

Characterization:

Transient absorption measurements were the most direct
way to measure solvated electron production from diamond
owing to the broad light absorption band of water solvated
electron near 720 nm at room temperature. The apparatus of
the transient absorption spectroscopy is depicted in FIG. 2.
The diamond sample was illuminated with a pulsed ultra-
violet laser (NT340, EKSPLA, Inc., Vilnius, Lithuania) to
create solvated electrons near its surface. A 705 nm diode
laser (Newport LP705-SF15) emitted red light parallel to the
diamond to probe solvated electrons. The transmitted light
was detected using a photodetector (Newport model 818-
BB-21) followed by an 100x amplifier (Femto DHPCA-100)
and then recorded by a 4 GHz digital oscilloscope (Agilent
Model DSO9404A).

Electrical measurements were conducted in a customized
three-electrode Teflon cell with a diamond working elec-
trode and a Pt mesh counter-electrode and an Ag/AgCl
working electrode. The sample had an exposed area of 0.2
cm?. Impedance spectroscopy measurements were per-
formed at room temperature in 1 M aqueous KCl solution
using a three-electrode potentiostat (Solartron 1287) and an
impedance analyzer (Solartron 1260).

Surface photovoltage measurements were used to char-
acterize the charge separation efficiency. In these measure-
ments, the sample was briefly illuminated with the same
pulsed laser used for transient absorption. The separation of
charge, such as emission of electrons, induced a transient
photocurrent that was picked up by a Pt mesh electrode
placed 0.075 mm away. This transient current generated
between the two electrodes was then amplified by an 80x
gain amplifier (Model TA2000B-3, FAST ComTec GmbH,
Germany) and recorded by digital oscilloscope.

X-ray photoelectron spectroscopy (XPS) data were
obtained using a modified Physical Electronics system
equipped with an aluminum Ka source, a quartz-crystal
X-ray monochromator, and a 16-channel detector array.
Photoelectron spectroscopy was performed in ultrahigh
vacuum (P<6x1071° Torr). A pass energy of 58.7 eV and step
size of 0.125 eV were used unless otherwise specified.
Ultraviolet photoemission spectroscopy (UPS) measure-
ments were performed using the same apparatus, using
excitation from a He(I) resonance lamp. During UPS mea-
surements, the samples were biased by 9 to 11 V to com-
pensate for differences in samples and analyzer vacuum
levels. All UPS binding energies had been corrected for the
applied bias. The electron affinities were calculated from the
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energy width (w) of the emission spectrum, the known
photon energy (21.2 eV) and diamond bandgap (5.5 eV)
using Equation 1

Y=E poton=Egap=21.2-5.5-w (Equation 1).

Results and Discussion

Transient Absorption Measurements of Electron Emis-
sion.

Transient light absorption directly measures the solvated
electron population. FIG. 3 compares the transient absorp-
tion waveforms from H-terminated and amino-terminated
diamonds using 210 nm UV illumination. At such wave-
length (shorter than 225 nm), the photon energy is sufficient
to exceed diamond’s bandgap, and absorption through bulk
band-to-band transitions can occur. The intensity of the 700
nm probe laser experiences an instant drop after the UV laser
pulses and then returns to its baseline. The waveforms are
fitted to a simple exponential decay function of the form
V=B+A_exp™”". The initial decrease in intensity A, is a
direct measure of the solvated electron yield, while the time
t to return to baseline is determined by the reaction of
solvated electrons with O, and other species in solution. The
resulting fits are embedded in each waveform in FIG. 3. This
example focuses on the efficiency of the solvated electron
yield, rather reactions induced by the solvated electrons.
While electron yields are observed for both of the samples,
there are reproducible differences between them. The A of
amino-terminated diamond is —0.72 as compared to —0.67
for H-terminated diamond, which indicates a more efficient
electron production for amino-terminated diamond. As will
be discussed later, this result is consistent with a model in
which photoelectron yield is controlled by the surface polar-
ization.

Dependence of Solvated Electron Yield on Illumination
Intensity.

Apart from taking measurements at fixed UV power of
0.79 mlJ, the solvated electron yield as a function of the
fluence of the incident laser, which was set to a wavelength
of 210 nm, was also measured. FIG. 4 shows that the
solvated electron population increases linearly with UV
power for both types of diamond, but with a non-zero
intercept. A distinct threshold exists for each surface termi-
nation, below which little or no solvated electron emission
can be detected. Fitting the data to a straight line yields
slopes of 1.20£0.08 (R?=0.995) for H-terminated diamond
and 1.12x0.06 (R®*=0.994) for amino-terminated diamond.
The thresholds energies, determined from the x-intercepts,
are 0.48+0.03 for (H-terminated diamond) and 0.31+0.02 mJ
(amino-terminated diamond). Thus, the data show that the
slopes for amino- and H-terminated samples are similar, but
the threshold for amino-terminated diamond is significantly
lower. The good linearity suggests the solvated electron
production is predominantly a single-electron process.

Electrical Measurements.

Without wishing to be bound by a particular theory, it is
believed that the promotion in electron emission efficiency
from amino-terminated diamond results from a larger down-
ward band-bending and better charge separation in the space
charge region of diamond. The open circuit potential (OCP)
directly measures potential of the Fermi level of the working
electrode with respect to Ag/AgCl reference electrode. An
OCP of'1.01 V was measured for amino-terminated diamond
compared with 0.24 V for H-terminated diamond. The
significantly more positive value for the amino-terminated
diamond shows that its Fermi energy is higher in energy than
that of H-terminated diamond.
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To further characterize the electrical properties of the
surfaces, Mott-Schottky measurements were performed.
Impedance spectroscopy measurements were used to inves-
tigate the interfacial electrical properties as a function of
frequency (data not shown). The impedance spectra show
that at frequencies between 800 Hz and 10 kHz the imped-
ance 7 decreases linearly with increasing frequency f. This
functional dependence indicates that in this frequency range
the impedance is dominated by the space-charge capacitance
of the diamond sample. The complex impedance was mod-
eled as a simplified Randles cell, in which the space-charge
region is modeled as a parallel resistor and capacitor, and the
solution resistance is simple resistor.

FIGS. 5A-B show the conventional representation of
Mott-Schottky data as a plot of 1/C* vs. potential for
H-terminated B-doped diamond (A) and amino-terminated
B-doped diamond (B). FIG. 5A shows a relatively large
feature near -0.5 V that can be attributed to charging of a
surface state. Under biasing conditions, the total interfacial
capacitance region can be represented analytically as Equa-
tion 2

1 1 2 kT (Equation 2)
—=—+——=|V-Vpg——|
C? (3,  eeoeNsA? e

where N, is the concentration of electrically active acceptors
(dopants), V is the applied potential, V5 is the flat band
potential and C,; is the double-layer capacitance, which is
nearly independent of potential at the high salt concentra-
tions used here. The primary consequence of the double-
layer capacitance is that when V is large,

1
2

approaches the limiting value of

1

—
Cpr

In the present case

1
—— = 1.26x 10" em*/F".
CpL

For the H-terminated sample, the intercepting point of the
solid line and dashed line yields a flat band potential 0.5-0.8
V; this value has some uncertainty due depending on which
data range is used. This value is close to a reported value of
0.4 V for H-term B-doped diamond grown on Si. (See Tse,
K.-Y. et al. Electrical Properties of Diamond Surfaces Func-
tionalized with Molecular Monolayers. Journal of Physical
Chemistry B 109, 8523-8532 (2005).)

As shown in FIG. 5B, a Mott-Schottky experiment on
amino-term diamond was also conducted at the same experi-
mental conditions. The plot is clearly shifted toward higher
potentials. As the potential is increased beyond +1.4 V there
is a clear onset of electrochemical reactions evidenced
visually by the appearance of bubbles. However, if it
assumed that the double-layer capacitance is the same as that
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for the H-terminated sample, then the flat-band potential of
approximately +1.4 V (vs. Ag/AgCl) is obtained.

The Mott-Schottky measurements indicate the both H-ter-
minated and amino-terminated diamond samples are p-type
with downward band-bending. The amino terminated
sample has both a more positive OCP and a larger downward
band-bending.

Surface Photovoltage Measurements (SPV).

In principle, larger band bending in space charge region
can improve charge separation and the ability to emit
electrons. In order to verify that the charge separation
benefits from the surface polarization of protonated amino
groups, transient surface photovoltage (SPV) measurements
on diamond samples were used. Experiments were per-
formed before and after exposure to acidic conditions; the
latter were used to ensure protonation of the amino groups.
Surface photovoltage measurements characterize the
amount and polarity of excess charges that accumulate at the
outermost surface of the sample. In these measurements, the
sample was illuminated with a pulsed laser (3 ns pulse
width); the absorption of light produces electron-hole pairs.
Separation of electrons and holes by the electric field in the
diamond space-charge layer leads to a transient displace
current that is measured using a second, capacitively
coupled electrode placed ~75 pm away. Time traces of I(t)
were obtained (data not shown). The sign of the current
reveals where electrons or holes accumulate near the surface
(dictated by whether the band-banding is upward or down-
ward), and integrating the I(t) curve yields the amount of
charge separation Q,,,,,,.-

FIG. 6 shows the magnitude of the maximum (Q,,,,.) as a
function of the incident photon energy for amino-terminated
samples before and after acidification with HCI between 4.4
eV (280 nm) and 5.9 eV (210 nm). Here the total pulse
energy was kept constant at 0.1 mJ/pulse. No SPV response
was observed for photon energies<4.4 eV (A>280 nm). The
magnitude of SPV response depends strongly on the surface
conditions. At E,,,,,,>5.4 eV, the acidified amino-termi-
nated sample yields a response approximately 3 times that of
the non-acidified amino-terminated sample. This is attrib-
uted to the fact that the surface positive charge induces a
downward band-bending or local electrical field which
draws electrons to the very surface. At slightly lower photon
energies of 4.9 eV to 5.3 eV, the amino-terminated sample
shows a region where the sign inverts, indicating that the
surface accumulates positive charge. This most likely arises
from surface states in the bandgap; excitation of electrons
from mid-gap states to the conduction band could give rise
to a net positive surface charge.

Ultraviolet Photoelectron Spectroscopy (UPS).

As shown in FIG. 7, UPS was used to compare the
electron emission property of amino-terminated diamond
before and after acidification. There are mainly three peaks
on the UPS spectrum of amino-terminated diamond. The
first is located 6.5 eV below the Fermi energy. The second
one, which is the highest one, is at 14.3 eV. The last one is
at 15.2 eV. After acidification, the first two peaks remain at
roughly the same binding energy but the third one disap-
pears. There is a large increase in photoelectron generation,
especially on the low binding energy side. The height ratio
of the low binding energy peak and the high binding energy
peak changes by nearly an order of magnitude.

X-Ray Photoelectron Spectroscopy (XPS).

XPS was used to investigate the coverage of N and O
before and after extended UV irradiation. FIG. 8A shows
XPS data collected from amino-terminated diamond before
and after continuous illumination by a 450 W HgXe lamp for
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12 hours in water saturated with N,. The data shows that the
nitrogen coverage decreases by 20% (from 2.3 to 1.84 N
atoms/nm?), but the N peak retains its shape and shows no
sign of oxidation, which would be evidenced by a shoulder
at higher binding energies. More notable is the comparison
of H-terminated and amino-terminated diamond shown in
FIG. 8B. Here it can be seen that the oxygen coverage on the
amino-terminated surface slightly increases from 1.6 to 2.0
atoms/nm> while oxygen coverage on the H-terminated
surface increased ten-fold, from (0.5 to 5.0 oxygen atoms/
nm?) in the same amount of time. It is concluded that
amino-terminated diamond is chemically-stable under
extended UV irradiation and only a small portion of C—N
bonds break with little sign of oxygen attached to nitrogen
atoms. The significantly greater chemical stability of amino-
terminated diamond as compared to H-terminated diamond
is particularly surprising in view of the conventional under-
standing that H-terminated diamond is a very stable surface.

Discussion

Results have shown that protonated amino-termination
enhances the emission of solvated electrons in water com-
pared with H-termination. The protonated amino groups
have positive charges which can draw photoexcited elec-
trons closer to the surface. Increasing the electron density in
diamond conduction band is very beneficial for photoemis-
sion. The amount of such accumulated negative charges was
characterized with SPV as shown in FIG. 6. Acidification
transforms electron-negative amino groups into strong posi-
tive charge carrying groups, which can be used to charac-
terize the influence of surface polarization inversion. The
huge increase in SPV signal after acidification strongly
supports the conclusion that protonated amino groups lead to
better charge separation. Similarly, enhancement of pho-
toemission after acidification is also observed by UPS as
shown in FIG. 7. However, it is noted that acidifying amino
groups with HCl is a rough simulation to the real situation
in water. Unlike the loose double layer structure in water, the
solid state CI™ is tightly bonded to the surface which can
potentially act as a barrier for electron emission in air or
vacuum. Many amino groups (e.g., those having a pKa in the
range of 9 to 10) will be protonated in water. The Mott-
Schottky measurements provide insight for the role of
amino-termination in photoemission in water, because they
were conducted in aqueous solution. The results prove that
the amino-termination indeed induces larger band-bending.
The difference in flat band potential between H-terminated
and amino-terminated diamond is believed to be larger than
09 V.

The electron photoemission from diamond could further
benefit from the excitation from filled defect states associ-
ated with the amino-termination. A special region on the
SPV result (FIG. 6) was observed where positive charges
were accumulated between 4.9 eV and 5.3 eV. This phe-
nomenon has never been found on SPV of H-terminated
diamond. The diamond surfaces used in this Example were
p-type diamond which have downward band-bending and
accumulate negative charge in most cases. The diamond
samples were so heavily B-doped (9x10%*°/cm®) that their
bands in the space charge layer are unlikely to bend upward
no matter how the surfaces are terminated. Without wishing
to be bound by any particular theory, it is hypothesized that
the positive sign of the transients corresponds to injection of
electrons from the filled defect states into air, which leaves
positive charges to be detected. Ma and coworkers’ density
functional theory (DFT) calculations show that the continu-
ous filled defect states band is a tenth of a volt above the
amino-terminated diamond’s valence maximum. (See Ma,
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Y., Jin, H., Dai, Y. & Huang, B. Study of ammonia molecule
adsorbing on diamond (100) surface. Applied Surface Sci-
ence 256, 4136-4141, doi:10.1016/j.apsusc.2010.01.097
(2010).) Such filled defect states are absent in H-term
diamond. In brief, it is possible to make use of such filled
defect states of amino-terminated diamond to fulfill pho-
toemission with less energetic photons.

CONCLUSION

Amino-termination has been successfully achieved with
ammonia plasma treatment. It has been demonstrated that
the amino-terminated diamond can enhance photoelectron
ejection in water comparing with H-terminated samples. The
power-dependence study suggests that protonated amino
groups lower the emission threshold. This effect is attributed
to the larger band-bending induced by the excess surface
charges, which is verified by Mott-Schottky and OCP mea-
surements. The key role of protonation was simulated by
intentionally acidifying amino-term diamond and character-
ized with SPV and UPS measurements. The results indicate
better charge separation and much higher intensity in pho-
toelectron emission in either air or vacuum. The amino-
terminated diamond also resists oxidation substantially and
surprisingly better than H-terminated diamond under con-
tinuous UV illumination, which helps to prolong the lifetime
of diamond as a photoelectron emitter.

The word “illustrative” is used herein to mean serving as
an example, instance, or illustration. Any aspect or design
described herein as “illustrative” is not necessarily to be
construed as preferred or advantageous over other aspects or
designs. Further, for the purposes of this disclosure and
unless otherwise specified, “a” or “an” means “one or
more”.

The foregoing description of illustrative embodiments of
the invention has been presented for purposes of illustration
and of description. It is not intended to be exhaustive or to
limit the invention to the precise form disclosed, and modi-
fications and variations are possible in light of the above
teachings or may be acquired from practice of the invention.
The embodiments were chosen and described in order to
explain the principles of the invention and as practical
applications of the invention to enable one skilled in the art
to utilize the invention in various embodiments and with
various modifications as suited to the particular use contem-
plated. It is intended that the scope of the invention be
defined by the claims appended hereto and their equivalents.

What is claimed is:

1. A method for the photoreduction of molecules, the
method comprising:

(a) illuminating an amino-terminated diamond surface
comprising amino groups directly covalently bound to
the surface of diamond with light comprising a wave-
length sufficient to excite an electronic transition
defined by the energy band structure of the amino-
terminated diamond, thereby inducing the emission of
electrons from the amino-terminated diamond surface
into a sample comprising molecules to be reduced, the
molecules capable of reduction via a one-electron
reduction process or a proton-coupled electron transfer
process, wherein the emitted electrons induce the
reduction of the molecules to form a reduction product;
and

(b) collecting the reduction product.

2. The method of claim 1, wherein the amino groups are
selected from the group consisting of primary amino groups,
secondary amino groups, tertiary amino groups, protonated
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primary amino groups, protonated secondary amino groups,
protonated tertiary amino groups, quaternary amino groups,
and combinations thereof.

3. The method of claim 1, wherein the amino groups are
selected from

—NR R, groups, NR,;R,R;* groups, and combinations

thereof, wherein R,, R, and R, are independently
selected from hydrogen, alkyl and aryl groups.

4. The method of claim 3, wherein R, R, and R, are
independently selected from hydrogen and alkyl groups.

5. The method of claim 4, wherein the alkyl groups are
linear alkyl groups in which the number of carbons ranges
from 2 to 6.

6. The method of claim 1, wherein the amino groups are
selected from —NH,, —NH;*, —N(CH,),, —N(CH;),H",
—N(CH,);* and combinations thereof.

7. The method of claim 1, wherein the diamond is p-type
diamond.

8. The method of claim 1, wherein the diamond is not in
contact with another photoactive material.

9. The method of claim 8, wherein the diamond is not in
contact with silicon.

10. The method of claim 1, wherein the diamond is
provided as an electrode which is not in contact with another
photoactive material.

11. The method of claim 10, wherein the diamond elec-
trode is substantially free of silicon.

12. The method of claim 1, wherein substantially all of the
reduction product is formed via the electrons excited by the
electronic transition.

13. The method of claim 1, wherein the light comprises a
wavelength which substantially matches the bandgap of the
diamond.

14. The method of claim 13, wherein the light comprises
a wavelength of about 230 nm or less.

15. The method of claim 13, wherein the light further
comprises a wavelength which is longer than the bandgap of
the diamond.

16. The method of claim 15, wherein the light comprises
a wavelength of about 550 nm or less.

17. The method of claim 1, wherein the light is selected
to maximize the photoemission efficiency of the amino-
terminated diamond.

18. The method of claim 1, wherein the amino groups are
selected from —NR,R, groups, —NR,;R,R;* groups, and
combinations thereof, wherein R, R, and R; are indepen-
dently selected from hydrogen, alkyl and aryl groups, with
the proviso that the amino groups do not comprise —NH,
and do not comprise —NH;™*.

19. The method of claim 18, wherein R,, R, and R; are
independently selected from hydrogen and alkyl groups.

20. The method of claim 19, wherein the alkyl groups are
linear alkyl groups in which the number of carbons ranges
from 2 to 6.

21. The method of claim 1, wherein the amino groups are
selected from —N(CH,),, —N(CH;),H", —N(CH,)," and
combinations thereof.

22. The method of claim 1, wherein the amino-terminated
diamond surface is characterized by a surface coverage of
oxygen that increases by no more than a factor of 1.25 after
continuous illumination by a 450 W HgXe lamp for 12 hours
in water saturated with N,,.

23. A reduction system for the photoreduction of mol-
ecules, the reduction system comprising:

(a) a reduction cell comprising amino-terminated dia-

mond comprising amino groups directly covalently
bound to the surface of diamond, the reduction cell
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further comprising a sample comprising the molecules

to be reduced, wherein the amino groups are selected
from —NR; R, groups, —NR;R,R;* groups, and com-
binations thereof, wherein R,, R, and R are indepen-
dently selected from hydrogen, alkyl and aryl groups, 5
with the proviso that the amino groups do not comprise
—NH, and do not comprise —NH,™;

(b) a light source configured to illuminate at least a
portion of the reduction cell with light having a wave-
length sufficient to excite an electronic transition 10
defined by the energy band structure of the amino-
terminated diamond, thereby inducing the emission of
electrons from the amino-terminated diamond surface
into the sample to induce the reduction of the molecules
to form a reduction product; and 15

(c) a reduction product collection cell configured to
collect the reduction product generated in the reduction
cell.



