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The faradaic reaction at the insulator is counterintuitive. For this
reason, electroorganic reactions at the dielectric layer have been
scarcely investigated despite their interesting aspects and oppor-
tunities. In particular, the cathodic reaction at a silicon oxide
surface under a negative potential bias remains unexplored. In this
study, we utilize defective 200-nm-thick n*-Si/SiO, as a dielectric
electrode for electrolysis in an H-type divided cell to demonstrate
the cathodic electroorganic reaction of anthracene and its derivatives.
Intriguingly, the oxidized products are generated at the cathode. The
experiments under various conditions provide consistent evidence
supporting that the electrochemically generated hydrogen species,
supposedly the hydrogen atom, is responsible for this phenomenon.
The electrogenerated hydrogen species at the dielectric layer suggests
a synthetic strategy for organic molecules.

electroorganic reaction | dielectric electrode | silicon oxide | oxidation by
cathodic reaction | hydrogen atom

lectrosynthesis is a classical method in which the reactant is

activated by the faradaic reaction to trigger an electroorganic
reaction, and it often involves electrochemical promotion of oxi-
dative addition (1, 2), C-H activation (2-4), or C-C coupling (2, 5,
6). Such organic reactions generally require chemical additives
such as oxidant/reductant, acid/base, and catalysts. Electrosyn-
thesis substitutes such complicated combinations by employing
electrodes to supply or abstract electrons. Electrosynthesis has
been ceaselessly evolving to contribute to economic and sustain-
able strategy (2). Particularly in the last decade, intense studies
were conducted to make substantial progress (1-6). However,
considerable attention was focused on electroorganic reactions
rather than the electrode material. The electrode used in elec-
trosynthesis is deemed to be a component to complete the circuit
and deliver/collect electrons. As a consequence, only limited op-
tions of chemically inert conductors have been available such as
carbon or boron-doped diamonds (2, 5).

In this regard, there is an unusual approach that deserves at-
tention, i.e., electrochemistry at an insulator thin film (7-13).
Electrochemistry at an insulator, in which few charge carriers are
available, is counterintuitive and thereby rarely found in the
literature. The previous reports on this unique electrochemical
reaction fall into three categories. The first are the reactions
triggered by static electricity generated by contact electrification
of the dielectric materials. Kelvin-probe microscopy showed a
mosaic of positive and negative charges (8) that could drive the
electrochemical reduction of metal ions and metal complexes
(7-9). The second is a faradaic reaction at the glass as demon-
strated on nanometer-thick glass-covered Pt nanoelectrode (10).
Voltammetric investigation of the ruthenium redox couple in this
system revealed the behavior of the hydrogel-like state of glass in
a strongly acidic medium.

The third category is the electrochemistry at the thin film of
thermal SiO, (11-13). The thermal SiO, layer has a highly di-
electric structure with minimal defects, and with the underlying
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conductive substrate, it constitutes an electrolyte—oxide—
semiconductor (EOS) system. Reportedly, hydrogen atoms
can be produced at the highly n-doped Si (n*-Si, considered
metallic)/thermal oxide interface, being responsible for faradaic
current in voltammetry. Protons selectively permeate along a
steep voltage gradient across the oxide layer and are reduced at
the interface between the oxide and n*-Si. In addition, silanol
defects in thermal SiO, are subject to electrochemical reduction,
leading to asymmetric voltammetric behavior in acidic aqueous
solution (only reduction observed). This thermal SiO, layer
permits the selective migration of protons as well as the diffusion
of hydrogen atoms which could react with the nearby chemical
environment as shown from metal electrodeposition (11, 13).
Thus, the thermal SiO, layer serves as a “chemical electrode” in
which electrochemical reaction generates reactive species being
stored in the insulating layer before intermolecular reaction. In
addition, we might be able to monitor the progress of the whole
reaction by simply examining the faradaic current and controlling
the reaction by adjusting the applied voltage.

Electroorganic reactions potentially benefit from thermal SiO,
film on n*-Si. The thermal SiO, surface where the electroorganic
reaction takes place is much more resistive to chemical fouling,
e.g., platinum poisoning (14, 15), than most electrocatalysts.
Highly reactive hydrogen atoms need extremely negative
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potential to cause a catastrophic increase in background current
at conventional conductive electrodes (—-2.30 V vs. normal
hydrogen electrode) (16, 17). A thin insulator film, across which the
electric potential gradient is widely distributed, prevents vigorous
electrolysis.

In this study, we introduced a defective 200-nm-thick n*-Si/
SiO, as a dielectric electrode, which has chemical defects such as
dangling bonds or atom vacancies but a negligible number of
pinholes and cracks. The electrochemical behavior and cathodic
electroorganic reactions of various organic compounds, espe-
cially anthracene, which is one of the basic polycyclic aromatic
hydrocarbons (PAHs), were investigated at this electrode. We
performed electrolysis on the dielectric electrode in an H-type
divided cell and analyzed the products. Surprisingly, the oxidized
products were generated at the cathode, indicating that the n*-
Si/SiO, dielectric electrode does not allow electron tunneling
through itself but creates reactive chemical species acting as a
chemical electrode.

Results

The defective 200-nm n™*-Si/SiO, electrode was prepared, and
its cross-section was characterized by transmission electron
microscopy (TEM; Fig. 14). There are no observable physical
defects such as pinholes or cracks, implying to inherently possess
chemical defects. Fig. 1B shows the typical electrochemical be-
havior observed from the defective 200-nm n*-Si/SiO, electrode
in this study. Cathodic current starts to flow around —1 V in the
acidic medium. Current density and onset potential sensitively
respond to proton concentration. Anodic current, on the other
hand, is negligible in the wide range of high positive bias. This is
unchanged wherever potential scan begins and regardless of
linear sweep or cyclic voltammetry (the inset of Fig. 1C). Thus,
the defective 200-nm n*-Si/SiO, electrode behaves as a pure in-
sulator in the positive potential region, and the precedential ca-
thodic reaction has a negligible influence on the anodic reaction in
voltammetry. Fig. 1C shows the voltammetric responses in the
presence of redox couple that undergoes outer-sphere electron

transfer in aqueous media. In the absence of an acid, only a small
cathodic current is observed, indicating negligible electron tun-
neling across the SiO, layer. This is analogous to the electro-
chemical behavior of the previously reported 6-nm-thick n*-Si/
SiO, EOS system (11). In the presence of an acid, redox couple
coexisting in the solution does not cause any notable difference in
the voltammograms. This behavior is also observed in aprotic
solvents such as acetonitrile (MeCN) containing perchloric acid
(HCIO,) and tetrabutylammonium perchlorate (TBAP) electro-
lyte (Fig. 2 A and B). Compared to the aqueous solution, the
current density decreases, whereas the onset potential appears to
be invariant. The lower current density stems from less dissocia-
tion of the acids in an aprotic solvent (18). The influence of the
redox couple on the proton-driven cathodic current in an acidic
solution is insignificant (11).

The reactant for the cathodic electroorganic reaction on the
defective thermal SiO, in this study is anthracene (ANTH, 1a),
one of the basic building block molecules of PAHs. Chemical
conversion and degradation of PAHs have been attracting re-
search interest because of the health risks they pose in our daily
lives (19, 20). Fig. 2C shows that the presence of 1a has a neg-
ligible effect on the voltammetric behavior of the defective
thermal SiO,. Importantly, the onset potential of the dielectric
electrode in acidic organic media is much more positive than the
reduction potential of la as shown in the voltammogram
obtained with glassy carbon (Fig. 2C; E.q, 12° = —2.02 V. The full
voltammogram is in ST Appendix, section 3.1). This indicates that
1a does not directly uptake an electron from the cathode but un-
dergoes a chemical reaction with something generated electro-
chemically at the electrode. Electrolysis of 1a in the acidic organic
medium in H-type divided cell (SI Appendix, Fig. S1 A-C) under N,
atmosphere at —1.67 V, which is less negative than its reduction
potential, provides more interesting information about the elec-
troorganic reactions occurring at the defective thermal SiO,. Both
high-performance liquid chromatograph mass spectroscopy (LC-
MS) and proton nuclear magnetic resonance (‘"H-NMR) analyses
unambiguously confirmed that anthraquinone (AQ, 2a) is produced
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Characterization of the prepared defective 200-nm n*-Si/SiO, electrode by (A) TEM cross-section, (B) linear sweep voltammograms of various acid

concentrations, and (C) various redox couples and acid composition in aqueous media. The inset in C shows the cyclic voltammogram in a wide potential
range. All electrochemical measurements were in N, atmosphere with a scan rate of 10 mVss.
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Fig. 2. Representative electrochemical behavior of the defective 200-nm n*-Si/SiO, electrode. All of the measurements were in N, atmosphere with a scan
rate of 10 mV/s. Linear sweep voltammograms of (A) various acid concentrations and (B) Fc%* redox couple in MeCN. The inset in B shows the cyclic vol-
tammogram in a wide potential range. (C) Linear sweep voltammograms of ANTH in acidic MeCN. Cyclic voltammogram of ANTH on glassy carbon electrode

is for comparison (scan rate: 100 mV/s).

by electrolysis (SI Appendix, Fig. S2). Compound 2a is obviously not
the electrochemically reduced form of 1a but the oxidized product
at the cathode. Various sets of control experiments confirmed that
the reaction is truly the electrochemical reaction (details in SI Ap-
pendix, section 2).

The electroorganic reactions of 1a on defective 200-nm n*-Si/
SiO, electrode in various solution compositions are summarized in
Table 1. Entries 1-3 show the electrolysis results for three different
concentrations of protons while the concentration of the reactant 1a
is fixed. The electroorganic reaction strongly depends on the proton

Table 1.
n*-Si/SiO, electrode at room temperature in N, atmosphere

concentration. Both amounts of consumed (1a) and generated (2a)
compounds are sensitively proportional to the proton concentra-
tion. Selectivity (the percentage yield of 2a from 1a) is inversely
proportional to the proton concentration, indicating that a lower
concentration of protons promotes a more specific reaction result-
ing in 2a. Note that the Faraday efficiency is lower than 10% in
general for the 1 M acid case, and it sensitively improves up to 37%
for lower proton concentration (SI Appendix, Table S1).

On the other hand, entries 1, 4, and 5 reveal the effect of the
concentration of la at a fixed proton concentration. A low

The electroorganic reaction of ANTH (1a) as a function of the concentrations of both reactant and acid on defective 200-nm

(0]

Varying concentration of 1a

Varying concentration of acid +

0.1 M electrolyte in 4% H,O-MeCN, r.t.

0

la 2a
Entry Concentration of 1a (mM) Concentration of Acid (M) Consumed* (umol) Consumed* (%) Generated* (umol)  Selectivity* (%)
1 5 1.00 18.55(+2.25) 36.4(+4.4) 4.56(+1.51) 25(+8)
2 5 0.10 5.12(+2.61) 9.7(x5.0) 2.41(+0.59) 47(+26)
3 5 0.01 1.60(+0.82) 3.2(+1.6) 0.89(+0.55) 56(+45)
4 2 1.00 3.15(+0.91) 14.5(+4.2) 2.56(+0.50) 81(+28)
5 0.7 1.00 2.08(+0.16) 28.8(+4.3) 2.13(+0.80) 103(+39)

The reaction was carried out for 10 mL volume of the solution. Perchloric acid was used as the acid, and the water content was 4 vol% in MeCN.
*Quantification done by LC-MS. Extended version of the table with Faraday efficiency is in S/ Appendix, Table. S1. Selectivity calculated as the percentage of
the generated amount of the product over the consumed amount of the reactant. r.t., room temperature.
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Table 2. Several electroorganic reactions on defective 200-nm n*-Si/SiO, electrode
n"-Si/Si0, Cathode

Substrate

>  Product

1 M acid + 0.1 M electrolyte
H,O-MeCN, r.t.

Applied
Entry Substrate Acid-electrolyte Voltage (V) E° (V) Consumed (%) Product Selectivity (%)
1 OOO HCIO,4 in 4% H,0-MeCN -1.67 -2.02 36.4(+4.4)* O‘O 25(+8)*
1a |
2a
i
# NS =
2 CI HCIO,4 in 4% H,0-MeCN -1.67 -2.20 6.7(+0.8)" | 28(+19)"
N &
1b |
2b
o
=
3 HClO,4 in 4% H,0-MeCN -1.67 -2.17 11.9(+1.0)" 34(+14)"
e
ic 2c
coon
=
4 HCIO, in 4% H,0-MeCN -1.67 -1.96 11.1(+3.1)" 14(+13)"
A
1d
2a
5 QQQ TFA-NaClO, in 4% H,0-MeCN -2.17 -2.51 0.2" — —
3a
6 " TFA-NaClO, in 4% H,0-MeCN ~1.67 —2.14 11.2(+3.5)" — —
4a
7 PhNO, H,504 in 25% MeCN-H,0 -1.53 — 30.8" PhNH, —F

The 5 mM substrate, 1 mM biphenyl (BP, internal standard), and 1 M acid-0.1 M electrolyte in (vol/vol) H,O-MeCN at room temperature in N, atmosphere.
Only the identified products are stated. E° (V) were measured from the cyclic voltammetry on glassy carbon electrode; see S/ Appendix, section 3.1.r.t., room
temperature; TFA, trifluoroacetic acid; NaClO,4, sodium perchlorate; PANO,, nitrobenzene; PhNH,, aniline.

*Quantification done by LC-MS.
TQuantification done by UV-VIS.

*It was difficult to determine the product quantity due to spectral overlap between substrate and product. The product was identified by GC-MS measurement and
MS library comparison. Selectivity calculated as the percentage of the generated amount of the product over the consumed amount of the reactant.

concentration of 1a favors the selective generation of 2a. It is
obvious that a higher concentration of reactants or protons re-
sults in a more indiscriminate reaction. Since 1a cannot perme-
ate the SiO, film, protons should uptake electrons from the
electrode producing reactive hydrogen species. It is plausible that
1a in the solution encounters the electrochemically generated species
on the dielectric film surface. Such a heterogeneous process may not
be too selective because of the highly unstable hydrogen species.
Table 2 shows the summary of several electroorganic reactions
on defective 200-nm n*-Si/SiO, electrodes. All of the chemical
derivatives of 1a (1b, 1c, and 1d) are converted into the oxidized
forms as a consequence of reductive electrolysis. Product analysis
revealed that the oxidation selectively occurs at the preferred
acene site. We also performed electrolysis of other PAHs such as

32942 | www.pnas.org/cgi/doi/10.1073/pnas.2005122117

phenanthrene (Phen, 3a) and pyrene (Py, 4a), but 3a hardly reacted.
Although a significant amount of 4a was consumed, no identifiable
products were found. Not only oxidation at dielectric electrode as the
cathode but also reduction of organic reactant occurred as shown by
the electroorganic reaction from nitrobenzene to aniline (Table 2).
In addition, we could electrodeposit various metals directly on the
dielectric electrode as reported in the previous works (11, 13).

Discussion

During electrolysis at defective 200-nm n™*-Si/SiO,, faradaic
current gradually elevates where the current density increases to
the order of 100 pA-cm™2 (SI Appendix, Fig. S34). The charge
passed is ~50 C that causes a scalable change in both the sub-
strate and the product of subpmol for a given electroorganic
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reaction. Such high current is discussed in detail on the basis of
the surface analysis and electrodeposition in SI Appendix, section
1.3 and Figs. S3-S5. In short, both the proton permeation and
chemical defects are supposedly responsible for the quasi-
reversible change (or damage) in film properties.

Furthermore, 200-nm-thick n*-Si/SiO, electrode can be fab-
ricated as well by tetraethylorthosilicate chemical vapor deposi-
tion and plasma-enhanced chemical vapor deposition on n*-Si
with the same thickness. The electrolysis of 1a was conducted on
these SiO, for comparison (S Appendix, Table S2). It indicates
that the defective 200-nm n*-Si/SiO, electrode was a specifically
appropriate candidate to study the electroorganic reaction as
compared to the tested oxide films. The detailed discussion is
described in ST Appendix.

The observations in the proposed system guide us to the re-
action mechanism of the electroorganic reactions, which is il-
lustrated in Fig. 3. The electrochemically generated species at
the cathode is assumed to be a hydrogen atom as a few reports
suggested based on indirect evidence including Raman spectro-
scopic results (11, 21, 22). It is predicted that protons and sup-
posedly hydrogen atoms in the thermal oxide cathode move in
different ways according to the literature (11, 12). The protons
are migrated through the permeation of SiO, by a strong field
across the dielectric oxide layer. At the interface of n*-Si and
thermal oxide, protons are supposedly reduced to hydrogen
atoms that are neutral in charge and thus not driven by the
electric field. Electrogenerated hydrogen species can either dif-
fuse out of the oxide film or be transported by redox relay with
protons inside the oxide. Reportedly, the resistance of the oxide
film decreases under similar conditions as this study (12).

H" + e H- Ej =-230V [1]
H +H =H K=[£f2]]2 2]
2H* + 2¢” = H, Ej = 0000V [3]
AG = —2FE = —2FES, — RTin - i
a a " "]
, +1?
= —2FE3, — RTInK — RTIn H7] [4]

[H:]

Association of two hydrogen radicals to form molecular hydro-
gen is a thermodynamically extreme downhill reaction, AG =

—443.8 kJ/mol (16, 17), as indicated by the equilibrium constant,
K, estimated from standard reduction potentials, E}’{zand EY,.
This is comparable to the homolytic bond dissociation energy
(BDE) of C-H in the 9-, 10-site of 1a, 428 kJ/mol (the value
includes the consideration of zero-point energy) (23, 24). Such
reactive hydrogen species possibly encounter organic mole-
cules to bring about hydrogen atom abstraction (HAA), which
would be thermodynamically slow due to insufficient energy.
This may be responsible for the high site selectivity to the
9-site C-H of 1a. We infer that the subsequent addition of
moisture to the radical intermediate could thermodynamically
promote HAA. The electroorganic reaction ends up with 2a,
the final product. This is reminiscent of the proton-coupled
electron transfer or oxidative HAA in organic synthesis
(25-27). The autooxidation of such 9,10-anthracenediol to
2a is very well known in the anthraquinone process (28). In
addition, both "H-NMR and the m/z peak from its LC-MS
were measured to be identical to 2a, implying autooxidation
(SI Appendix, section 3.3).

This proposed mechanism agrees quite well with the result in
Table 2. The compound 1a is converted to 2a supposedly by the
preferential reaction of the C-H bond in the central ring of acene
over peripheral acene (20). A similar reaction occurs from 1b to
2b because 1b has C-H bonds at the 9- and 10-sites like 1a (see S/
Appendix, section 1.4 for miscellaneous discussion on the site
reactivity). In the case of 1c, the C-H bond at 9-substituted
methyl (benzylic acene) is more labile than the 10-site (central
ring of acene); thereby HAA takes place preferentially at the
9-site. The reaction of 1d is distinct in that the carboxylic group
at the 9- site leaves to yield 2a. Since the 9-COOH site is more
reactive than other peripheral C-Hs, decarboxylation by hydro-
gen atom takes place to produce the intermediate similar to 1a
followed by the oxidation to 2a, as described earlier (the inter-
pretation of 1d’s cyclic voltammogram in SI Appendix, section 3.
1). We believe that such decarboxylation is similar to the Kolbe
pathway which generates neutral radical intermediate from car-
boxylic acids (2, 29). For other PAHs of 3a, nearly no reaction
occurred. On the other hand, 4a was consumed, but we failed to
identify the products, presumably due to either the decomposi-
tion of the reactant or the loss by work-up. The intriguing feature
of the reaction of PAHs is that the amounts of the PAHs elec-
trolyzed in this study linearly correlate with the reduction po-
tentials (E°) rather than BDE except for 1d (S Appendix, Fig. S6).
The easier to electrochemically reduce, the greater the consumption
of PAHs. The reason for this is unclear, yet we could infer it as de-
scribed in SI Appendix. Overall, it is certain that the observed reactions
of PAHs are governed by the electrochemical reaction.

Working (—) O—S.O

Fig. 3. Schematic illustration of the proposed mechanism of the ANTH (1a) reaction on defective 200-nm n*-Si/SiO, electrode.
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Table 3. The electroorganic reaction of ANTH (1a) on defective 200-nm n*-Si/SiO, electrode varying
the water content of the 1 M acid-electrolyte solution at room temperature in N, atmosphere

n"-Si/Si0, Cathode

(o]

1 M acid + 0.1 M electrolyte in MeCN
additive varied, r.t.

(o]

2a
Entry Acid-electrolyte Additive Additive in MeCN (vol/vol %) Consumed* (%)
1 TFA-NaClO,4 — 0 1.7
2 TFA-NaClO,4 H,O 4 29.2
3 HClO,4 H,O 4 36.4
4 HCIO,4 H,O 10 2.6
5 TFA-NaClO, H,'80 4 1.0

*Quantification done by LC-MS.

Nitrobenzene undergoes reduction in the same system, unlike
anthracene derivatives as shown in Table 2. According to the
suggested mechanism, hydrogen atom induces a slow and site-
specific reaction probably because of its insufficient capability for
HAA. The C-H bond in nitrobenzene is phenyl-H which is an
unfavorable site as found in selective reaction at only the 9- and
10-sites (central ring of acene) in the anthracene derivatives.
Rather, a hydrogen atom should be oxidized to a proton by
losing an electron that is taken by the nitro group, simply the
hydrogenation.

The electroorganic reaction on the dielectric electrode implies
two significant findings. First, this dielectric electrode may serve
as a hydrogen atom, providing a platform without hydrogen atom
transfer catalysts. Second, the oxidation reaction occurs by the me-
diation of electrogenerated hydrogen atom. This is unprecedented,
although the oxidation reaction by a hydrogen atom generated by
radiolysis in harsh conditions was reported previously (16, 30).

Concerning the experimental evidence of the proposed
mechanism, 2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO), a
renowned known radical capture agent (31, 32), was used to
capture the neutral charge radical intermediate (SI Appendix,
Fig. S7). The captured intermediate species found by LC-MS
indicated [M + H] as m/z = 489.5 where M = ANTH -2 H + 2
TEMPO (SI Appendix, Fig. S7). We experimented with 1 mM
acid organic solution because TEMPO is unstable in a strongly
acidic solution (<pH 3) and undergoes disproportionation. The
resulting products were too small in amount to be characterized
by NMR. As listed in Table 1, the consumption of 1a on the di-
electric electrode becomes very inefficient in a weak acidic solution,
which is an unfavorable condition to capture the target intermediate.

The role of moisture in such an electroorganic reaction has
been addressed (Table 3). Because the added acids contain
moisture in themselves, the solution is not dry. The effect of acid
is minor as shown in entries 2 and 3 of Table 3. When water was
added to be 4% (volivol), both 1a consumption and 2a generation
increased remarkably. However, excess water, e.g., 10% of water
content, reduced 2a production as well as 1a consumption. There-
fore, the electroorganic reaction of la at the defective n*-Si/SiO,
electrode definitely involves water, while the reaction is inhibited in
the presence of too much or no water. It must be mentioned that the
role of other reactive oxygen species such as O, was also considered.
The reaction was carried out in N, atmosphere so the possibility of
O, could be discarded. In addition, the separate experiment was
carried out in O, atmosphere, but the extent of the reaction was less
than that of N, atmosphere (SI Appendix, Table. S3)
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When H,'®0 is added instead of water, both the consumption
of 1a and the generation of 2a are significantly suppressed. In
addition, LC-MS analysis shows the percent ratio of the observed
m/z peaks for 2a, which is equivalent to [M + H], as (C14H91602,
209): (C14Ho'°0™0, 211): (C14Ho'%0,, 213) = 62.9: 26.2: 6.6.
The produced 2a has minor content of %0, indicating that only a
limited portion of oxygen atoms comes from additive H,'®O.
Considering that the solution contains moisture even before H,'¥0
addition, we can infer that the proposed hydrogen atom abstracted
neutral radical intermediate reacts with H,O preferentially rather
than H,'®0. As found in the oxygen evolution at metal complexes
(33), "0 and 'O should have different bond strength, which
is generally stronger for heavier atoms. Therefore, *0-H is stronger
than '°O-H. Although the difference in BDE only barely justifies
the specific reaction of H,O, many other factors affecting the dis-
sociation of O-H bonds such as molecular orientation, thermody-
namic stability, and free energy change of both the intermediate and
additives need to be considered. Furthermore, this phenomenon
may be explained by thermodynamic isotope effect (34, 35). In
addition, we must take into account the solubility of 1a in aceto-
nitrile. Although the addition of oxygen sources, e.g., water, pro-
mote the overall reaction, too much could cause a solubility
problem; 1a will start to precipitate in 10% water.

Conclusion

In summary, we prepared a defective n*-Si/SiO, electrode and
investigated the cathodic electroorganic reactions in the EOS
system. The dielectric electrode exhibits similar electrochemical
behavior to the previously reported 6-nm-thick thermal SiO,. It
gives low faradaic current upon negative bias in acidic organic
media, which depends only on the proton concentration of the
solution. The presence of redox couples, obeying outer-sphere
electron transfer, has a minor effect on current density. The
prolonged electrolysis of organic reactants at negative potential
showed that cathodic current can yield not only the reduced
products but also oxidized products. Based on the analysis of the
electrode itself and products of electrolysis, we propose that the
observed phenomenon involves electrochemically generated
species, probably a hydrogen atom, produced by proton reduc-
tion in the SiO, film. The mechanism for the cathodic electro-
organic reaction was proposed and consistently supported by the
experimental results of this study. Introduction of a dielectric
film to the electrode creates a unique chemical electrode, sug-
gesting a strategy for synthetic chemistry. We believe that this
system paves a way for utilizing the creative combination of
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electrochemistry and organic synthesis. In addition, we are still
looking for more practical and valuable reactions in the EOS
system as this work was demonstrated for a simple reaction to
prove the concept of such a system.

Materials and Methods

Preparation of the Defective Thermal SiO,. N-type, arsenic-doped, <100>
oriented Si (n*-Si) wafers with resistivity as low as 0.005 Q cm were obtained
from STC. Highly n-doped Si with thermally oxidized SiO, (n*-Si/SiO,) was
produced via oxidation n*-Si wafers under the oxygen environment at
850 °C. n*-Si was cleaned by standard SPM and SC-1,2 cleaning consecutively.
Then, the target 200-nm-thick thermal SiO, was prepared at 850 °C in a
furnace by blowing O,. The native oxide was not removed prior to the
thermal oxidation. Note that not all of the defective thermal SiO, show
faradaic current upon negative bias. The electrodes were tested by vol-
tammetry prior to electrolysis to discard the total insulator (roughly one out
of four were discarded). This is deemed to be ascribed to the inhomoge-
neous defect density of the SiO, layer. Because of the significant deviation in
current density and onset potential between the prepared dielectric elec-
trodes, Figs. 1 and 2 were obtained in an identical electrode. Nonetheless,
we made sure of the overall trends through a sufficiently large number of
electrodes

Materials. ANTH (>99.0% GC), AQ (97%), BP (99.5%), 2-methylanthracene
(2-Me-ANTH, 97%), 9-methylanthracene (9-Me-ANTH, 98%), 9-anthracenecarboxylic
acid (9-COOH-ANTH, 99%), phenanthrene (Phen, >98.0%), pyrene (Py, 98%),
perchloric acid (HCIO,4, 70%), TFA (99%), sodium perchlorate (NaClO4 >98%),
TBAP (>99.0%), sodium chloride (NaCl, >99.0%), sodium sulfate
(NayS0g4, >99.0%), chloroform-d (CDCl3, >99.8 atom % D, 0.5 wt % Ag foil as
stabilizer, 0.03 vol % TMS), and water-'80 (H,'®0, 97 atom %) were pur-
chased from Sigma Aldrich. Nitrobenzene (PhNO,, 98.0%) was purchased
from TCI chemicals. Sodium hydroxide (NaOH, 98.0%), MeCN (99.5%), sul-
furic acid (H,SO4, 98%), benzene (99.5%), and dichloromethane (MC, 99.5%)
were purchased from Dae Jung. All chemicals were used without further
purification.

Electrochemical Setup and Measurements. The wafer samples were degreased
by sonication in acetone and isopropanol and rinsed with methanol or
deionized water. For back contact, the backside of the wafer sample was
scratched with a diamond knife to remove the air-formed SiO, followed by
smearing with a eutectic of Ga-In (>99.99% trace metal basis from Sigma
Aldrich). Electrochemical characterization was performed by a conventional
three-electrode cell connected to electrochemical analyzers (CHI 660 and
750, CH Instrument). Pt wire (diameter of 0.5 mm) was employed as the
counter electrode. The reference electrodes were Ag/Ag* (10 mM AgNOs +
0.1 M TBAP in MeCN, BAS Inc.) and Ag/AgCl (3 M NaCl, BAS Inc.). The former
was employed for MeCN-rich solution and the latter for a water-rich solu-
tion. All potentials refer to the saturated calomel reference electrode (SCE).
In short, Ag/Ag* was +0.327 V versus SCE for nondistilled acetonitrile.
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Electrolysis was performed in a homemade H-type divided cell with
working and counter electrode (WE and CE) chambers separated by Nafion
117 proton exchange membrane (0.007-inch thickness, Sigma Aldrich). It was
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is not significant considering the typical applied voltage for electrolysis.
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check spectrum change prior to collection. Liquid aliquots from electrolysis
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analyses. An equivalent volume of benzene was mixed with collected liquid
aliquots and two equivalent volumes of saturated aqueous NaCl solution to
separate the aqueous electrolyte layer and the organic solvent layer. The
organic layer was extracted from the mixture and subsequently dried using
anhydrous Na,SO,. We analyzed the products using a high-performance
liguid chromatography mass spectrometer (LC-MS/MS; LCMS-8050, Shi-
madzu). For quantification, BP was chosen as an internal standard and put
into the WE chamber prior to electrolysis. We obtained quantitative results
based on standard calibration. The detailed method for quantitative anal-
yses is described in S/ Appendix. The measurement of '"H-NMR was obtained
by 300 MHz (AVANCE DPX-300, Bruker).

TEM Measurements. TEM samples of n*-Si/SiO, were prepared with focused
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