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Hot Electron Chemistry at Solid-Liquid Interfaces
Robert J. Hamers, Gilbert M. Nathanson, Jordan R. Schmidt
Department of Chemistry, University of Wisconsin-Madison

FA9550-14-1-0220

Abstract

The facile generation of solvated electrons and hydrogen atoms in water can enable local and
sustainable industrial processes such as the production of ammonia and destruction of toxic
waste. We have investigated the use of easily fabricated solid-state devices to generate these
species electrochemically in water. We fabricated highly doped silicon wafers coated with thin
films of insulating SiO; and high k dielectric HfO,, either bare or covered with gold. These
devices rely on quantum mechanical tunneling of electrons from silicon through the insulating
oxide layer directly into water. These electrons rapidly thermalize and become solvated. In
addition, hydrogen atoms may be generated in the SiO, layer, which then diffuse into solution.
In both cases, reactive species are injected into the solvent itself and delivered to the companion
reactant, bypassing reactions at the electrode surface. The chief competing reaction is hydrogen
evolution, which must be minimized to achieve high selectivity. Our attempts to synthesize
ammonia from water and dissolved nitrogen gas were unsuccessful because of overwhelming H,
production, but the successful decomposition of chloroethanol to ethanol radical and chloride

anion in water demonstrates a new and powerful way to destroy toxic waste.
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Introduction and Motivation

Accessing energetic electrochemical reactions is typically limited by the electrochemical
stability range of the solvent. In aqueous media, this limits the ability to form energetic
chemicals species such as hydroxyl radicals, atomic hydrogen, and solvated electrons. The basis
for this project is the observation that excitation of diamond with above-bandgap light produced
photoemission of electrons into water.'™ The resulting solvated electrons were detected directly
by transient absorption spectroscopy, > and fundamental and important processes such as
reduction of N, to NH; * and reduction of CO, to CO were characterized.” In the present project,
we aimed to explore whether reactive chemical species in water can be produced
electrochemically rather than photochemically. This goal presents enormous challenges because
of competition from hydrogen evolution. As described below, we attempt to suppress Ha
production by building metal-insulator structures that are designed to exploit thin tunneling
barriers as a means to create high-energy reactive species. These devices use only modest
applied voltages and currents, below those conventionally associated with plasma formation.

An attractive low-voltage method to generate aqueous electrons relies on building a
sandwich structure in two configurations: 1) a thin
insulator placed on top of a metal, and 2) the same
thin insulator placed between two planar conductors.

A voltage is applied across the insulator until a

Tunneling bias

triangular barrier is achieved, resulting in electrons

tunneling through the insulator. Figure 1 depicts the

Ee

three-element structure that we refer to as a “water . .
Figure 1: Electron tunneling

. . . across a thin insulator
transistor” due to its close analogy to a bipolar

transistor: Electrons emitted from a substrate (the emitter) pass through a thin conductive region
(the base) and pass into the aqueous medium (the collector). Previous studies showed that
aluminum metal coated with very thin (2.5 nm) layers of Al,Os and then coated with 15 nm Ag

film were able to directly inject electrons into an adjacent aqueous electrolytic solution®® and
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produce solvated electrons in aqueous solution using < 10V.” However, these previous studies
relied primarily on formation of electroluminescent probes as a detection technique and did not
extend to electrochemical conditions significantly outside the solvent window of water, such as
N, or CO; reduction.

In our work, we investigate both 3-electrode and 2-electrode geometries. A 2-electrode
geometry, in which the middle conductor layer is eliminated, can also be effective, albeit
providing somewhat less independent control of the band positions. The first section below
focuses on both metal-insulator and metal-insulator-metal structures in the form of a highly
doped silicon (n"-Si)/silicon oxide (SiO,) two element device and an n"-Si/SiO,/Au three-
element device. We first attempted to use these devices to synthesize ammonia from just water
and dissolved nitrogen gas. Despite intensive studies, we were unable to demonstrate substantial
NH; production, mostly likely because of intense competition from H, production both at the
electrode surface and in solution. We then replaced the insulator SiO, with an even higher
dielectric constant insulator, hafnium oxide (HfO,), a substitution that enhances electron
tunneling. We also moved our focus on ammonia synthesis using dissolved N, in water to
dehalogenation of dissolved chloroethanol in water, allowing us to increase the concentration of
the reactant by orders of magnitude. These changes indeed allow us to observe a true electron-
induced reduction of a solute in water facilitated by a solid-state electron emitter at low voltage.

These two projects are described in detail below.

DISTRIBUTION A: Distribution approved for public release.



I. Electrochemical Ammonia Synthesis by Earth (silicon), Air (nitrogen), Fire (electricity),

and Water via the Solid-State Generation of Hydrated Electrons and Hydrogen Atoms

The efforts described in this section by graduate student Wen-Tsung Huang are directed
at creating and harnessing reactive species in solution using simply fabricated solid-state devices
at low voltage. Our central tests are the production of ammonia from just water and dissolved
nitrogen, along with current-voltage characteristics of the devices. Midway through the grant
period, we realized that solvated electron production via the application of an applied voltage to
diamond was extremely challenging. We were unable to produce ammonia from diamond, even
using an interdigitated pattern with small gaps and high electric fields to promote emission of
electrons into water. We then turned our attention to several reports in the literature that
demonstrated production of solvated electrons and hydrogen atoms in water by metal-insulator
and metal-insulator-metal devices.”'* By using these devices, we again seek to generate
ammonia from nitrogen dissolved in water."” This synthesis, particularly with electrodes that do
not contain precious metals, would provide a truly sustainable model for small-scale production
of ammonia when the electrons are provided by solar cells exposed to sunlight.

Solvated Electron and Hydrogen Atom Reactions. The generation of ammonia from N,

and water begins with the formation of hydrogen atoms from solvated electrons e, :'®

es + H g > Heug ki =2.3x10"" M s fast (near the diffusion limit)

es' + HQO > H‘(aq) + OH-(aq) kH = 19X101 1\/1-1 S-l slow (k} =1050 S-l)
Together, these reactions limit the lifetime of e to about 0.2 ms in pure water at pH = 7 before H
atoms are produced. In the presence of dissolved N, our aim is to use solvated H atoms to
attack the extremely strongly bound N atoms in N, in a slow, rate-limiting step:

es' + NZ(aq) -> NzH‘(aq) kH ~ 103 1\/[_l S-1 slow
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The N,H intermediate may also be produced by attack on N, adsorbed at the electrode surface:

( H+(aq) +e (electrode) ) + N2 (electrode) > NZH (electrode)

The addition of H to Ny is the key step in ammonia synthesis and is in constant competition with

hydrogen evolution via five different reactions in solution and at the electrode surface:

Reactions in solution:

Heaq+ Heag = Ha 2k =1.55x10""M" 57! fast
es' + H’(aq) + HQO > Hz + OH-(aq) kH = 2.5X1010 1\/1-1 S-1 fast
es+e  +2H0>H, +20H o,y 2kp=1.1x10"M"s" fast

Reactions at the electrode surface:!”
H' g+ € (electrode) + H (electrode) = Ha  (Volmer-Heyrovsky reaction)

He (clectrodey T H® (electrode) = Ha (Volmer-Tafel reaction)
In addition, dissolved O, is present whenever N is derived from air and whenever the anode
reaction producing O, is connected to the cathode compartment. In this case, O, acts as both an

. . 16
electron and hydrogen atom scavenger in solution:

es + 0239 > 027 ag) ki =1.9x10"M"s" fast

He g + O2aq > HOoag) ki =2.1x10"M"s" fast

The extreme competition from these rapid reactions highlights just how challenging ammonia

synthesis can be for electrodes immersed in aerated water.
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Solid-State Production of Solvated Electrons and Hydrogen Atoms. We have tried to
carefully design and fabricate devices and electrochemical cells that minimize hydrogen
evolution and oxygen-electron reactions. The need to selectively suppress H, production has
long been recognized, and early researchers realized that H, could be minimized by choosing
electrodes that expose oxide films rather than metals to water in order to avoid facile metal-
catalyzed H, formation. The transport of electrons to the oxide surface and into solution is
achieved by quantum mechanical tunneling of electrons through the oxide layer. If the layer is
thin enough, electrons will ballistically tunnel through the oxide and be directly injected into the
conduction band of water. " However, such oxide films were found to rapidly decay when
exposed to water and continuous applied voltages. '*To circumvent this destruction, pulsed
voltages may be used. Alternatively, the oxide layer can be coated with a thin layer of metal,
with the intent that the ballistic electrons will continue through the metal film and still enter the
conduction band of water. These high-energy (“hot”) electrons will then undergo collisions with
water molecules and thermalize within one picosecond, proceeding to a fully equilibrated and
solvated state e;” within an additional picosecond. This solvated (or hydrated) electron is
enormously reactive and perhaps the most powerful reducing agent in water, with a reduction

potential of -2.87 volts versus the standard

[ Potentiostat
hydrogen electrode. le'
The Search for Solid-State CE " *RE WE
Electrochemical Ammonia Production. We X W Ex
describe three efforts to construct inexpensive L UA '
g/l
solid-state devices and synthesize ammonia from \

just nitrogen and water. The electrochemical cell is shown in the figure on the right. It contains
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an anode (Pt counter electrode CE) and cathode (working electrode WE) compartments separated
by a glass frit. N, gas enters the cathode region, which also includes an Ag/AgCl reference
electrode RE. The electrolytes were chosen to contain inert anions: 0.1 M K,SO4 and 0.1 M
H,SO, (to supply H' ions). This device may also be used to record the current and voltage
characteristics of each working electrode. The indophenol blue method is used to detect
ammonia at the nanomole scale. We expended great effort to carefully calibrate the ammonia
measurements and to clean the cell in order to remove ubiquitous ammonia contaminants. In
particular, we perform two reference measurements for comparison: 1) the substitution of argon
for ammonia and 2) experiments with N, but with no applied voltage (“dark”). These calibration
measurements indicate that we are sensitive to ammonia production that exceeds approximately
2 nanomoles of NH3 over a two-hour interval.

We first remark that more traditional electrodes such as platinum, gold, and highly
negatively doped (nearly metallic) silicon have all been tested. This silicon sample, heavily
doped with arsenic as an electron donor, is labeled as n"-Si. Gold foil does indeed make
ammonia from N, and H,O, as shown in the figure below. In this graph, the y-axis is the amount

of NH; produced in nanomoles and the x-axis

refers to the different experiments. The solid 51

lines refer to the Ar and N»/no voltage reference 4 5V vs AgiAGTIIn 0 1 MTBS04
-1.5V vs Ag/AgCl in 0.

experiments. In all of the experiments reported §3-

k) Ar control
here, only ammonia produced by the gold foil g 24 N, dark
significantly exceeds the reference experiments. 14 . -

Its drawback is an enormous production of H AuFoil Pt Foil/ n-Si
o 0.1 M H,SO4
gas as well, which is so large that H, bubbles out
7
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of solution.

n'-Si/Si0, Electrode. As described above and shown in the Quantum electron tunneling

figure on the right, we use this metal-insulator device to create !
w. @
ballistic electrons by quantum mechanical tunneling through em —/\/V\—h o o

the thin (5 and 11 nm) silicon oxide layers. We found, as did

n*-Si
SiO,

others, that continuous potentials more negative than -2 V leads

to destruction of the SiO, oxide overlayer.'"® An applied
potential of at least -2.8 volts is required to produce solvated electrons, based on the energy
diagram of the n"-Si/SiO»/H,0 system.

As an alternative, we substituted short pulses for a continuous applied potential, which
slows the oxide decay. Even with -7 V pulses (100 Hz, 1 ms duration) and instantaneous currents
of 10 mA, however, we were unable to detect ammonia above the background. This result
suggests that most solvated electrons produced by n"-Si/SiO, react to form H, gas, although we
did not detect H directly. The ammonia measurements are shown in the histogram at the end of
the document, which includes all of our measurements over two-hour intervals.

At about this time, we read a literature report of an entirely new route to making H atoms

with this n"-Si/Si0»/H,0O device. At voltages of less than -2 V, the following reaction can occur,

as illustrated in the figure on the right:'*

H'(g + Si-O-Si = Si-OH'-Si

Si-OH"-Si + e'(siy 2> Si-0-Si + Hsioz)

n*-Si
SiO,
(Y

Hisio2) 2 Hag)

y
4

The hydrogen atoms produced in the thin SiO; layer
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can then diffuse back into solution, creating a ready source of solvated H atoms that bypass
solvated electron production. These H atoms may then attack dissolved N; and ultimately
produce NHj3, as depicted in the figure above. We intensively investigated this scenario, and
reproduced the current-voltage characteristics from the literature. Unfortunately, we were unable
to produce ammonia at levels beyond the control experiments at applied voltages of -1.5 and -2.0
V that are known in the literature to produce H atoms. These negative results are shown in the
histogram at the end, most likely reflecting the facile combination of solvated H atoms into Ho.

We reluctantly set aside this device and pursued a more complex metal-oxide-metal sandwich.

n'-Si/Si0,/Au Electrode. As shown in the figure below, the SiO, oxide layer is covered with a

thin 20 nm film of pure gold. This continuous

Quantum mechanical tunneling
gold layer blocks the diffusion of H' ions into the ;

: : / N
Si0, network, but also protects it from exposure ] .

emg ﬁj\/\/\~—>\

to water, allowing the application of continuous a

applied voltages. We then applied potentials of

n*-Si
Sio,
Au

-1.5 and -2.0 V, which are not enough to produce

solvated electrons but are high enough to create
electrons at the gold surface, which may catalytically enhance hydrogenation of adsorbed N,
molecules '*° Our hope, based on predictions by Norskov and Chorkendorf, *'was that this low
flux of electrons reacts preferentially with N, molecules adsorbed on the gold surface rather than
with each other. However, we were again foiled in our attempt to produce ammonia using either
annealed or unannealed gold layers. These results are again shown in the histogram at the end,

presumably again reflecting facial production of H, according to the Volmer reactions stated
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earlier.

n*-Si/Si0,/Au “Water Transistor”."’In a final attempt to minimize hydrogen evolution and

enhance ammonia production, we converted the silicon-oxide-gold sandwich into a “water

transistor”, as shown in the figure on
[ Potentiostat ]

the right. In this transistor, potentials 1

are separately applied between the cE

silicon and gold electrodes of the X i

device (Vr) and between the gold

and reference electrode in solution o8

(Vw). The key point is that the gold \_
surface is at ground potential, severely inhibiting the production of H; at the electrode surface
itself. The applied voltage V1 was set to -3.8 V, negative enough to produce solvated electrons.
Despite these changes, we were still unable to record ammonia production above the control
experiments, again likely because of the intense competition from H, evolution and possibly
because of imperfect grounding of the thin gold layer. High voltage pulses instead of continuous
applied voltages also did not produce more ammonia.

Future Approaches. We hope that these carefully constructed experiments provide the
basis for future investigations. These devices still how great promise, but will require much
greater efforts to minimize competition from hydrogen evolution and reaction with oxygen. In
particular, direct spectroscopic measurements of solvated electrons via absorption and of

hydrogen atoms via Raman experiments will help to tune the applied voltage, pulse duration, pH,

electrolyte, and electrode parameters. These difficult measurements can be accompanied by

10
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direct mass spectrometric measurements of H, production. A key test that we did not have time

to perform is to place the electrochemical cell in a container of high pressure nitrogen to favor H

attack on N, rather than H + H recombination. It may also be necessary to take advantage of

recent developments in producing gold clusters that may react more favorably with adsorbed N,

molecules. We are optimistic that future researchers will utilize our studies to guide their own

work in the search for the sustainable production of ammonia from abundant resources. '>*'
Summary of all Ammonia Production Measurements
5 -
[ ]-1.5V vs Ag/AgCI
[ ]-2Vvs. Ag/AgCI
4 7 [ ]Pulsed -6.5 V vs. Ag/AgCl
: [ ]V=-3.5V, V,=-1V vs.Ag/AgClI
3
o - _ Ar control
6 —
2 . —
E N, dark
S 44
Q 1
> - |_|_‘
T 0 H
Z ] J
-1 -
-2
-3 T T T T T T T T
n-Si/Si02 n-Si/Si02 Annealed Annealed n-Si/SiO2/Au n-Si/SiO2/Au transistor  transistor
K2504 H2S04  n-Si/SiO2/Au n-Si/SiO2/Au  K2S04 H2SO4  n-Si/SiO2/Au n-Si/SiO2/Au
K2504 H2504 K2S04 H2504

11
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Note: negative values indicate that the amount of ammonia produced was smaller than the blank

comparison, a sample from the original solution taken before the voltage is applied.

II. Reductive Dehalogenation of 2-chloroethanol by Solvated Electrons Generated by
Tunneling through High-k Dielectric Films

This summary of activities is abstracted from the M.S. thesis of Kirsten Louthan, a joint
Hamers-Nathanson student who completed her M.S. work in 2018.

As noted above, the use of SiO, as a dielectric before .
clore after

tunneling current

, increase in k
has some limitations, in part due to its small dielectric et barmier ‘
constant. This second aspect of our work focuses on m — decrease in barrier
increasing the tunneling current densities using high-k l:h[
dielectrics, particularly HfO, (hafnium oxide, haftnia). [\ [F \Uf A increase in

High-k dielectrics have been widely used in the ) ) ) ) »
Figure 2: Relationship of tunneling probability

microelectronics industry as gate dielectrics because to dielectric constant

their high dielectric constant allows one to achieve

high interfacial capacitance (an important figure of merit for microelectronic devices) using
insulators that are thicker than those of lower k materials such as SiO,. However, a corollary is
that if materials are compared a fixed thickness, then a then a high-k dielectric will yield a higher
tunneling current compared with a low-k dielectric. This can be qualitatively understood by
recognizing that electrons within a high-dielectric material are stabilized by polarization of the
surrounding dielectric; this increased stability of the electron in the dielectric material also
implies that the electron wave function decays more slowly in a high-k dielectric. Among high-k
dielectrics, ZrO, and HfO, have received much attention because of their high dielectric constant

23-25

22 oy eq- . . . . . . .
(e~20)"", compatibility common microelectronic materials, and ease of fabrication via atomic

layer deposition (ALD)**?".
Fabrication of high-k dielectric films:
We deposited ultra-thin (~5 nm thickness) films of HfO, using Atomic Layer Deposition (ALD),

12
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using tetrakis(dimethylamino) hafnium
Before ALD

and water as the hafnium and oxygen

| Hf(af) . o(1s) " si(2p)
. % \ i sources, respectively. X-ray

TR R e E photoelectron spectroscopy (XPS)
After AL
Hf(4f)

| Sit2p) analysis of films grown for different

number of ALD cycles showed the

expected disappearance of the Si(2p)
peaks from the underlying Si substrate and the stoichiometric addition of HfO,. Ellipsometry and
XPS studies were used to calibrate HfO, thickness vs. the number of ALD cycles, allowing us to
prepare films of controlled and known thickness.
We assessed film morphology using atomic force microscopy (AFM). AFM before ALD

(Figure 4a) shows the very flat conductive Si substrate; after growth, the surface appears highly

Before ALD After ALD
0 pum 2 4 0 pm 2 4

’o uniform, with only slightly increased
roughness. These results demonstrate that
10 ALD leads to highly uniform, conformal

HfO, films, with a well defined growth rate

of 1.1 A/cycle.

Electrical characterization:

To characterize the electrical performance of these

. . 10" 7 10 nm HfO,
films adjacent to an electrolyte solution, we compared 01

cyclic voltammograms of two films with 100 mM m;:
phosphate buffer and a platinum counter electrode: a 10 ]

10”4

nt density, A/em’

10"

nm GaN film (& = 8.9)*° and a 10 nm HfO, film grown via 0"

10"

T T T T 1
-10 -8 -6 -4 -2 0
ectric

ALD. The HfO; has a dielectric constant over twice of that s e
of GaN and at the same physical thickness and bias conditions, we observed approximately 100x

higher electron current at the same bias.

13
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Solvated electron quantification:

To evaluate whether the observed current consists solvated electrons or related high-energy
species, we investigated the reduction of 2-chloroethanol to chloride anion and directly
characterized chloride via ion chromatography (IC), which proceeds via known reaction®

through a one-electron reduction.
ar M re@) > INOM +Clk(ag)

The concentration of 2-chloroethanol was carefully selected to favor 2-chloroethanol reduction

over proton reduction and O, reduction using known rate constants'® (Table 1). Assuming a pH =
7.00 and a dissolved O, concentration dictated by Henry’s Law at an atmospheric pressure of ca.
0.2 atm, we calculated that 200 mM 2-chloroethanol would out-compete both oxygen and proton

reduction

Table 1: Pseudo first-order rate constants

e-(ag) H'(aq) 2.40 E10 1.00 E-7 240E3  3.5ES5

e-(aq) O3 (aq) 1.80 E10 2.6 E-4 (Henry’s 468E6 179
Law)

e-(aq) O:(aq) 1.8 E10 4.49 E-6 (Butler 8.44E4 994E3
ref.)

e- (aq) CIEtOH (aq) 4.2 E8 0.200 8.40 E8

For each electrolysis, an open-circuit control was collected before the electrolysis using the same

14
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solution as the electrolysis. This controlled for the background chloride signal generated by an
equilibrium between water and 2-chloroethanol’® which produces a non-zero chloride
background concentration.

We first investigated at the dependence of chloride generated as a function of time for a 5 nm
HfO, film with a -8 V bias on the silicon substrate in100 mM phosphate buffer (50 mM K,;HPO4
and 50 mM KH,POj), 200 mM 2-chloroethanol and a platinum counter electrode in solution. For
time < 15 minutes, the electrolysis is statistically indistinguishable from the control but for t > 15

minutes the data show a net

Cl production .. Faradaic efficiency
= s production of chloride over the
“ L T i ﬁ - control. When the data are
0 T normalized by the total charged

Smin ' 10min ' 15min '  30min ' Smin ' 10min ' 15min ' 30min '

IS
1

moles chloride
0
1

Faradaic efficiency, %

passed and a Faradaic efficiency is
calculated, the data show similar Faradaic efficiencies at all time, which suggests a steady-state
generation of solvated electrons. The similarity between the control and electrolysis for the
earlier time points can be attributed to the equilibrium of 2-chloroethanol with water under basic

conditions.

Influence of applied voltage: We also investigated the dependence of chloride production on

voltage by running a series of

Faradaic Efficiency

8- electrolyses on 5 nm HfO, films for 30

6x10°7 Chloride production

= product
m control

minutes while varying the voltage. The

Faradaic efficiency, %

data net production of chloride for -5

and -8 V but not for -1 V. As expected

-5V -8V
Substrate voltage Substrate voltage

-1V -5V -8V

from a tunneling model (which
predicts an exponential increase with applied voltage), the increase in chloride production is
clearly supra-linear. More data are required to confirm an exponential dependence. As expected,

the Faradaic efficiency is nearly constant.

15
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Influence of electron scavengers: While the above data are all consistent with the

interpretation the solvated electrons are being

-Eh

m . .

8 A produced, another way of testing is to

3 4-

g_ intentionally introduce an electron scavenger.
3 -

S Oxygen gas reacts with the solvated electron at

.
24 . . .. .

% the diffusion-limited rate. '* A direct

o

A 11 comparison of chloride production in argon-

© :

S - purged and air-purge samples shows that the

Argon Air
presence of oxygen greatly decreases the

production of chloride ion, by approximately a factor of 5. We believe this decrease in chloride
production under air-purged conditions occurs because O; is in competition with 2-
chloroethanol. These data strongly support the idea that the production of chloride is a result of
solvated electron formation, rather than traditional electrochemical reduction on the electrode

surface.

Conclusions:

In this work we show a novel application for high-k dielectrics to produce aqueous
electrons at low voltage. This has great potential applications in wastewater treatments in
dehalogenation of dangerous pesticides® and synthesis of important products, including
ammonia from atmospheric nitrogen®. Each year, 150 million tons of ammonia are produced,
requiring temperatures of 300-550°C and pressures of 150-250 atm®*, releasing 200 million tons
of atmospheric CO, in the process® . This type of electrochemical synthesis offers an alternate
synthetic route and has the further advantage of relying on a solution-phase mechanism, enabling
any dielectric with sufficiently high current density to be used. Many high-k dielectrics are well-

25,34-35

studied materials , and some are already being developed for reactions in aqueous

25, 34-35

conditions , although this is the first report of using them as for high tunneling, rather than

low tunneling currents.
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