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ABSTRACT: Here we report on the electrochemical properties of
carbon electrodes coated with thin layers of Al,O; and SnO,. These oxide
films were deposited using atomic layer deposition (ALD) and range in
thickness from 1 to 6 nm. Electrochemical experiments show that the
thinnest oxide layers contain defects that penetrate to the underlying
carbon electrode. However, oxygenation of the carbon surface prior to
ALD increases the surface concentration of nucleation sites for oxide
growth and suppresses the defect density. Films of Al,O; just ~3—4 nm in
thickness are free of pinholes. Slightly thicker coatings of SnO, are
required for equivalent passivation. Both Al,O; and SnO, films are stable
in both neutral and acidic electrolytes even after repeated voltammetric
scanning. The results reported here open up the possibility of studying

the effect of oxide supports on electrocatalytic reactions.

B INTRODUCTION

In this paper we report on the impact of thin metal oxide layers,
prepared by atomic layer deposition (ALD),"™* on a
representative electrode material (carbon) and specifically
how these oxide layers affect electron-transfer to redox
molecules in solution. The results form a basis for our future
studies aimed at understanding how oxide supports affect
electrocatalytic reactions. Accordingly, we discuss optimal
procedures for fabricating and characterizing pyrolyzed photo-
resist film (PPF)>° electrodes modified with thin ALD layers of
Al,O; and SnO, and the effect of deposition parameters on the
thickness, defect density, and stability of these composite
electrodes.”

Vapor-phase, layer-by-layer deposition is generally divided
into two categories: molecular-layer deposition and ALD.*”"
We focus here exclusively on ALD, which is a process wherein
layers of metal oxides,"? nitrides,""* and zerovalent metal films
are formed iteratively on an appropriate solid support.'*'* The
process for depositing a metal oxide begins by introducing a
metal precursor, such as those used here, trimethylaluminum
(TMA) or tetrakis(dimethylamino)tin(IV) (TDMASn), to a
hydroxylated surface at low pressure (<1 mmHg). These
precursors react spontaneously with surface-confined hydroxyl
groups leading to immobilization of a monolayer or
submonolayer of the metal. Next, unreacted precursor and
byproducts are removed from the reaction chamber in a purge
step. Finally, an oxygen source, such as H,0, H,0,, or Oj, is
introduced to form a new layer of hydroxyl groups on the metal
surface."”'®'7 As each reaction sequence is limited to the
number of —OH groups present on the surface, the thickness of
the resulting film is determined by the number of ALD cycles.
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In many cases the substrate is heated to accelerate the reaction;
however, near-room-temperature ALD has been reported for
use with thermally unstable supports.'®'®

Because most ALD methods require surface hydroxyl groups
to be present, the preparation of the substrate surface is
critical.”* Although ALD growth of AL,O; has been reported on
noble metal surfaces and HF-etched Si, the coverage by thin
(<15 nm) films of these oxides is not uniform due to poor
surface nucleation.'*™*" Similarly, hydrophobic surfaces, such as
methyl-terminated self-assembled monolayers (SAMs), have
been shown to inhibit nucleation of AlO, ALD films.*
Likewise, TiO, resists growth on alkylsilane monolayers
immobilized on Si and mercaptoalkane monolayers immobi-
lized on Au, but nucleation proceeds properly on hydroxyl-
terminated alkylthiol SAMs immobilized on Au.**** Studies on
carbon have demonstrated that the nucleation of AlO, ALD
films starts at step edges of freshly cleaved highly oriented
pyrolytic graphite (HOPG) when H,O is used as the oxygen
source. The growth of the oxide is more uniform when Oj; is
used in place of H,0.>%%¢

The ALD process is generally understood to yield continuous
and conformal films one layer at a time.*'* As discussed above,
this is not always the case, particularly on supports like carbon,
Au, Pt, Pd, and Cu.”'?*>*® A common tool used for analysis of
ALD coatings is atomic force microscopy, though it may not
have sufficient resolution to reveal very small and shallow
defects on rough surfaces.”> %’ In contrast, electrochemistry is
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well suited for probing the size and number density of a wide
range of defects within insulating thin films atop conductive
substrates.”®* For these types of perforated, thin, insulating
films, electron transfer between the electrode and an electro-
active species either in solution or absorbed to the insulator can
be achieved by three distinct mechanisms: (1) electron
tunneling through the blocking layer,***" (2) direct electron
transfer at pinholes present in the insulating layer,”***** or (3)
diffusion of the electroactive species through a porous network
present throughout the blocking layer.** For example, a recent
electrochemical study reported that even rather thick (>4 nm)
TiO, ALD layers deposited onto indium tin oxide (ITO)-
coated glass do not yield pinhole-free films, but rather porous
deposits that exhibit microelectrode-type behavior.>® This same
study indicated that even poorer TiO, ALD films formed on
fluorine-doped tin oxide (FTO)-coated glass, Pt, and Ag.

Most electrochemical studies making use of ALD have
focused on passivation of a portion of an electrode surface,
usually with Al,O;. Examples of this approach include
electrode/nanopipet structures for scanning probe micros-
copy™® and corrosion-resistant layers on steel.*”*® ALO, ALD
has also been used to passivate dye-sensitized photoelectrodes
to prevent back electron transfer from a current collector to a
redox shuttle.® Very recently, the capacitance of AL,O; ALD
layers prepared on ITO was reported.** Electrochemical
methods indicated that these surfaces were pinhole-free, but
due to the heterogeneous nature of the ITO surface, it was not
clear whether electroinactive regions of the ITO surface, which
can account for ~99% of the total surface area, were covered
with the ALD layer.*' In the latter study, the stability of the
ALD layers in the electrochemical environment was not
evaluated.

Ultimately, we hope to use nanoparticle-modified ALD films
on an inert electrode support as a substrate for electrocatalysis.
However, prior to these studies, developing procedures to
reproducibly prepare stable and defect-free films for electro-
chemical studies is a high priority. Therefore, in the present
publication, we address some fundamental electrochemical
properties of ALD films on carbon electrode supports that are
required for our forthcoming catalysis studies.

B EXPERIMENTAL SECTION

Chemicals and Materials. The following chemicals were used as
received: KCI (>99%, Fisher Scientific, Houston, TX), KNO; (>99%,
Fisher), K,SO, (>99% Fisher), KCIO, (>99%, Acros, Fair Lawn, NJ),
HNO; (70%, ultra high purity grade, EMD Chemicals, Philadelphia,
PA), HCI (37% trace metal grade, Fisher), H,SO, (+95%, 99.9999%
trace metal grade, Sigma-Aldrich, St. Louis, MO), and HCIO, (70%,
ultra pure grade, ].T. Baker, Center Valley, PA).

The ALD reagents trimethylaluminum (TMA, Sigma-Aldrich, St.
Louis, MO) and tetrakis(dimethylamino)tin(IV) (TDMASn, Strem,
Newburyport, MA) were obtained in sealed stainless steel canisters.
Ferrocenemethanol (FcMeOH, 97%, Acros, Fair Lawn, NJ) and
AgNO; (99%, Sigma-Aldrich) were used as received. High-purity N,
(99.9999%, Praxair, Austin, TX) was used as a purge gas for the ALD
process. Aqueous solutions were prepared using Milli-Q water (18.2
MQ-cm, Millipore, Billerica, MA).

Preparation of PPF Electrodes. PPF electrodes were fabricated
using a slight modification of a previously reported procedure.®
Specifically, a positive-tone photoresist (AZ 1518, Capitol Scientific,
Inc., Austin, TX) was spin-coated onto quartz slides for 45 s at 3500
rpm, soft baked for 1 min at 100 °C, and then exposed to UV light
under a photomask. The exposed resist was developed using AZ 400 K
developer, diluted 1/4 (v/v) with deionized water. The developed
resist was then pyrolyzed in a quartz tube furnace under a forming gas

consisting of 5% H, and 95% N, (Praxair) at a flow rate of 100 sccm.
The temperature was ramped from 25 to 1000 °C at S °C/min. The
temperature was held at 1000 °C for 1 h and then cooled back to 25
°C while maintaining the flow of the forming gas. The substrate was
then scored with a diamond-tipped pen and broken into individual
electrodes. Each electrode was rinsed with a gentle flow of deionized
water and dried under N,.

As discussed later, some PPF electrodes were treated with an air
plasma (Harrick Plasma Cleaner, PDC-32G, Ithaca, NY) prior to ALD.
The plasma chamber was evacuated with a roughing pump for ~7 min,
and then the substrates were exposed to the plasma at 10.5 W. The
plasma-treated PPF substrates were immediately loaded into the ALD
chamber for metal oxide deposition. PPF electrodes used for control
experiments (not coated by ALD) were not plasma treated.

Atomic Layer Deposition. ALD was performed using a Savannah
$100 Cambridge NanoTech ALD system (Ultratech, San Jose, CA).
Al,O; was deposited using TMA as the Al source and H,O as the
oxygen source (neither reagent was heated). The ALD system was
evacuated to <1 mmHg with the walls of the chamber and the
substrates heated to 150 °C under a constant flow of high-purity N,
gas (20 sccm). After a 10 min purge with N,, the first monolayer was
deposited using the following pulse sequence, which comprises one
ALD cycle: (1) a single 15 ms pulse of H,0, (2) a 20 s purge of N,,
(3) a 15 ms pulse of TMA, and (4) a 20 s purge of N,. This process
was then repeated until the desired number of cycles was attained.
SnO, was deposited using TDMASn as the Sn source and H,O as the
oxygen source. The H,O was not heated, but the TDMASn was heated
to 60 °C. The walls of the chamber and the substrate were heated to
150 °C under a constant flow of high-purity N,. The system was
evacuated (<1 mmHg) and purged with N, for 20 min prior to the
deposition of the first monolayer. One ALD cycle consisted of the
following pulse sequence: (1) a 15 ms pulse of H,O, (2) a 30 s purge
with N,, (3) a 0.5 s pulse of TDMASn, and (4) a 30 s N, purge. This
process was repeated until the desired number of ALD cycles was
reached.

Surface Characterization. X-ray photoelectron spectroscopy
(XPS) measurements were obtained using a Kratos Axis Ultra
spectrometer (Chestnut Ridge, NY) having an Al Ka source. The
PPF substrates were mounted onto the sample holder and grounded
using Cu tape. An electron flood gun was used to neutralize charge on
insulating substrates. Spectra of individual elements were collected
with a 0.1 eV step size and a band-pass energy of 20 eV. Binding
energies were calibrated against the C 1s line of the PPF (284.44 eV)
substrates.** Peak fitting was done using CasaXPS (version 2.3.15,
Casa Software, Teignmouth, UK) assuming a mixed Gaussian/
Lorentzian model.

Ellipsometric measurements were obtained using a J.A. Woollam M-
2000D spectroscopic ellipsometer (Lincoln, NE). Data were obtained
between 300 and 900 nm using at least five different angles for each
measurement. The model used to analyze the data included a thick
layer of SiO, (1 mm) and a 300 nm thick layer of carbon. The
manufacturer of the ellipsometer provided the SiO, optical constants
required for this model, and the constants for carbon were determined
experimentally using naked PPF preconditioned with air plasma. For
measurements of Al,O; thickness, the optical constants were provided
by the manufacturer, which meant that only the thickness of the metal
oxide film was allowed to float. For SnO,, the optical constants were
experimentally determined by fitting data obtained for a carbon
substrate exposed to 20 ALD cycles. The initial values of the optical
constants were taken from preloaded values for indium tin oxide, and
then both the optical constants and the film thickness were fit. These
values were held constant for the remaining SnO, films, allowing only
for changes in thickness. The measurements were conducted in
triplicate, and the linear fits were determined using a weighted linear
least-squares fit.

Scanning electron microscope (SEM) micrographs were collected
using a Hitachi S-S500 microscope (Dallas, TX) with a 3—5 keV
electron beam at 10 pA. A Bruker energy dispersive spectroscopy
(EDS) Quantex 4010 detector was used for EDS with a beam energy
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of 30 keV at 20 yA. The micrographs were processed using the Image]
software package (NIH, Bethesda, MD).

Electrochemical Characterization. Electrochemical measure-
ments were obtained using a CH Instruments CHI700D electro-
chemical analyzer (Austin, TX) and a home-built electrochemical cell.
A saturated calomel reference electrode (SCE, 0.241 V v NHE, CH
Instruments) and a Pt wire counter electrode were used to collect
cyclic voltammograms (CVs). A silicone gasket having a 1.1 mm
diameter hole was used to define the area of the working electrode.
This geometric area was used to calculate current densities. In some
cases, the data were smoothed using a S-point moving average to
remove instrumental noise. No iR compensation was used for the
experiments reported herein.

Ag electrodeposition was carried out at —0.25 V vs a Hg/Hg,SO,
reference electrode (MSE, 0.64 V v NHE, CH Instruments) for 50 s
using a solution containing 0.50 mM AgNO; and 0.10 M KNO;. The
electroactive area of the electrode was defined by a Viton O-ring to be
12.4 mm®.

Oxygen was not removed from solutions unless specifically noted.

B RESULTS AND DISCUSSION

Air-Plasma Pretreatment of PPF Electrodes. In this
report, we compare ALD films deposited onto PPF films before
and after exposure to an air plasma. The plasma pretreatment is
intended to introduce additional oxygen functionalities to the
carbon surface, which, as discussed in the Introduction, we
hypothesized would improve nucleation of the oxide overlayer.

Although PPF substrates are prone to oxidation in air, the
surface coverage of the oxygen-containing groups is still lower
than on related carbon materials.>® Figure la shows high-
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Figure 1. High-resolution XPS spectra obtained for PPF electrodes
treated with an air plasma for the times indicated in the legends. Data
are shown for the (a) C Is and (b) O Is regions. The inset in (a)
shows an expanded view of the high-energy shoulder appended to the
main C 1s peak.

resolution C 1s XPS spectra of PPF films prior to exposure to
the plasma (black trace) and after exposure for 15 s (red trace)
and 30 s (blue trace). The most important feature in these
spectra is a small peak (inset) fitted at 286.5—286.6 eV, which
appears only after plasma treatment. We assign this peak to
phenolic carbon.*** A second, smaller peak also appears after
plasma treatment in the 288.6—288.9 eV region of the spectra,
and we assign it to carboxylic carbon.*’

Figure 1b shows high-resolution XPS spectra of the same
substrates used to obtain the data in Figure 1a, but in this case
the O 1s region is shown. The important result is that there is a
substantial increase in surface O after exposure to the plasma,
confirming formation of additional oxygenated species on the
PPF surface.

Synthesis of ALD Layers. The method used to synthesize
the ALD layers is described in the Experimental Section. As
discussed there, some PPF carbon electrodes were oxidized in
an air plasma to generate oxygen functional groups prior to
ALD. PPFs not exposed to plasma were used as controls. The
presence of the ALD films on the PPF electrodes was
confirmed by XPS (Figures S1 and S2 in the Supporting
Information).

Ellipsometric Measurements. The ALD process is
described as a self-limiting synthesis in which at most a single
monolayer of material is deposited per cycle. Therefore, a linear
relationship should exist between the thickness of the metal
oxide film and the number of ALD cycles. Accordingly, we
deposited different numbers of Al,O; and SnO, ALD layers
onto PPF films with and without an air plasma pretreatment
and measured their thicknesses using spectroscopic ellipsom-
etry.

Figure 2a shows the measured thicknesses of Al,O; ALD
films on PPF electrodes before (black) and after (15 s, red; 30
s, blue) plasma pretreatment as a function of the number of
ALD cycles. All these data indicate linear growth of the ALD
layer, and the measured growth rates are all about the same:
0.11 + 0.02, 0.095 =+ 0.009, and 0.117 + 0.002 nm/cycle for 0,
15, and 30 s of plasma pretreatment, respectively. The errors
for the slope are generated from the weighted least-squares fit
for their respective data sets. These values are comparable to
the growth rate provided by the ALD system manufacturer for
the deposition of Al,O; onto Si(100) substrates having a native
oxide layer: 0.107 nm/cycle.*®

Figure 2b shows data analogous to that in Figure 2a, except
for SnO, ALD films. In all cases there is linear growth of the
ALD layer, though the rates are somewhat different for different
times of plasma pretreatment: 0.10 + 0.02, 0.08 + 0.01, and
0.078 + 0.003 nm/cycle for pretreatment times of 0, 15, and 30
s, respectively. Note that these growth rates are all slightly
lower than for Al,Oj but significantly higher than the rate
(0.053 nm/cycle) provided by the ALD system manufacturer
for the deposition SnO, onto Si(100) substrates having a native
oxide layer.*’

For purposes of the present study, the key point about Figure
2 is that it provides calibration data that makes it possible to
predict film thickness as a function of the number of ALD
cycles. In subsequent subsections we will discuss the uniformity
of these ALD layers as a function of their thickness.

Voltammetric Properties of PPF Electrodes Coated
with Al,O; ALD Films. In the future, we are interested in
using ALD films for electrocatalytic studies, and therefore it is
necessary to investigate their performance in typical electro-
chemical systems to understand the effects of substrate
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Figure 2. Thickness of the (a) ALO; and (b) SnO, ALD films
measured by ellipsometry as a function of the plasma-treatment time
(indicated in the legend) of the PPF electrodes. The error bars
represent one standard deviation from the mean for three
independently prepared electrodes.

pretreatment and the resulting properties of the ALD films.
Accordingly, we carried out cyclic voltammetric (CV) experi-
ments, using aqueous solutions containing 1.0 mM FcMeOH as
a redox-active probe and 0.10 M KNO; as the supporting
electrolyte, as a function of the number of ALD layers. Results
for the Al,O; ALD films are discussed first, followed by results
for the SnO, films.

Figure 3a shows CVs obtained using PPF electrodes coated
with 10, 20, 30, and 40 ALD cycles of Al,O; but with no plasma
pretreatment of the PPF surface. To ensure that the
electrochemical data are representative of stable oxide films,
16 scans were obtained and only the 17th CV is presented in
the figure. Here, as for all subsequent electrochemical data, the
CVs are fully stable after the first two or three scans and do not
change upon additional scanning. The results, as judged by the
magnitude of the current density, indicate very slight
passivation after 10 and 20 ALD cycles. After 40 ALD cycles,
which based on ellipsometric data obtained using Figure 2a
corresponds to a 4.4 + 0.8 nm thick Al,O; film, the faradaic
current is greatly attenuated. However, the inset shows that
oxidation of FcMeOH is still apparent at higher current
resolution.

Figure 3b presents electrochemical data analogous to that in
Figure 3a, except that the PPF electrode was pretreated with air
plasma for 15 s prior to ALD of Al,O;. We hypothesized that
the plasma treatment would introduce more oxygenated sites
on the carbon (this was confirmed by the XPS data discussed
earlier) that would in turn provide more nucleation sites for the
oxide and hence more homogeneous oxide coatings. In
accordance with this expectation, the decrease in faradaic
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Figure 3. CVs obtained using PPF electrodes modified with the
indicated number of Al,O; ALD cycles. The aqueous electrolyte
solution contained 1.0 mM FcMeOH and 0.10 M KNO;. The PPF
films were treated with an air plasma for the following times prior to
ALD film deposition: (a) no plasma treatment; (b) 15 's; (c) 30 s. The
insets show expanded views of the CVs obtained for the 40-cycle ALD
films. The scan rate for each CV was 100 mV/s, and the geometric
area of the PPF electrode was 0.0095 cm® The data in this figure were
replicated two additional times: Figures S4 and SS.

current as a function of the number of ALD layers occurs much
more quickly than in Figure 3a. In fact, as shown in the inset,
the faradaic current arising from FcMeOH oxidation after 40
cycles of Al,O3, which corresponds to a calculated ellipsometric
film thickness of 3.8 + 0.4 nm, is negligible (only capacitive
current is observed). Note the difference in current scales in the
insets of Figures 3a and 3b.

The CVs in Figure 3c were obtained using identical
conditions as in Figure 3b, but in this case the air plasma
pretreatment was carried out for 30 s rather than 15 s. Here, the
decrease in faradaic current is significantly faster than for the
shorter plasma exposure (compare the red traces in Figures 3b
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and 3c, for example), and complete passivation is observed after
40 ALD cycles (inset, Figure 3c), corresponding to a film
thickness 4.7 + 0.7 nm.

The shape of the CVs in Figure 3 provides some qualitative
hints as to the relationship between plasma pretreatment of the
PPF electrodes and the structure of the resulting Al,O; films.
Compare, for example, the CVs corresponding to 10 ALD
cycles of Al,O; (red CVs in Figure 3). For ALD films deposited
with no plasma pretreatment the shape of the CV is very similar
to the bare PPF films: just a slight decrease in the peak anodic
current (i,,). Compared to the data in Figure 3a, the decrease
in i,, is more apparent for the red CV in Figure 3b, and in
addition this CV has a slightly sigmoidal appearance and the
anodic peak potential (E,,) shifts positive by ~26 mV. These
characteristics are further exaggerated for the red CV in Figure
3c. Indeed, Figure S3 shows data for three replicate
measurements corresponding to the red CV to Figure 3¢, but
in these cases the scan limits were increased to +0.8 and —0.3 V
vs. SCE so that the sigmoidal character of the CVs is more
apparent.

The sigmoidal shape of the red CVs (10 ALD cycles of
ALO;) in Figures 3b and 3c is typical of radial diffusion to an
array of small electrodes.”®****~>° The preliminary conclusion
is that these 10-cycle ALD films contain pinholes through
which the redox probe can penetrate. It is also reasonable to
surmise that as the plasma pretreatment is extended from 15 to
30 s, more nucleation sites for Al,O; are introduced, and this
leads to smaller and more widely spaced pinholes and hence a
more clearly sigmoidal shape of the CVs. Microscopy data
discussed later will confirm these preliminary observations. One
final point: the CV data shown in Figure 3 are reproducible.
Figures S4 and SS$ in the Supporting Information are replicate
electrochemical data obtained for nominally identical, but
independently prepared, ALD films.

The CVs corresponding to 40 ALD cycles in Figures 3b and
3¢, particularly the insets in these figures, clearly indicate the
absence of pinholes. Rather, these data are characteristic of
capacitive charging. Figures S6 and S7 show expanded views of
the transition to this purely capacitive behavior for Al,O; thin
films deposited using 20, 30, and 40 ALD cycles on PPF
electrodes exposed to air plasma for 15 and 30 s, respectively.
Lee and co-workers have previously shown that the relationship
between capacitance (C) and ALO; ALD film thickness can
provide information about the electrode/ALD film/electrolyte-
solution interface.*® Specifically, a linear relationship between
1/C and the thickness of the ALD layer indicates that
essentially all of the applied potential drops within the ALD
film (rather than a fraction being dropped in the electrical
double layer in solution). The average capacitances of the 20-,
30-, and 40-layer AL,O; ALD films (extracted from the three
sets of data in Figure S7) are 32.1, 22.6, and 15.0 nF,
respectively. When the inverse of these capacitances is plotted
vs film thickness, a linear correspondence is observed having an
R? value of 0.99, indicating that most of the voltage is dropped
within the oxide layer.

Voltammetric Properties of PPF Electrodes Coated
with SnO, ALD films. SnO, is a reducible oxide and hence
able to participate as a cocatalyst in certain electrocatalytic
reactions.”’ Therefore, we are interested in understanding the
behavior of thin SnO, ALD films, and particularly in comparing
their properties to Al,Os, which is usually catalytically inactive.
Accordingly, we carried out electrochemical experiments using

SnO, films similar to those discussed for Al,Oj; in the previous
section.

Figure 4 is a set of CVs similar to those shown in Figure 3,
but for SnO, ALD films. Figure 4a, for example, shows the
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Figure 4. CVs obtained using PPF electrodes modified with the
indicated number of SnO, ALD cycles. The aqueous electrolyte
solution contained 1.0 mM FcMeOH and 0.10 M KNO,;. The PPF
films were treated with an air plasma for the following times prior to
ALD film deposition: (a) no plasma treatment; (b) 15 's; (c) 30 s. The
insets show expanded views of the CVs obtained for the 80-cycle ALD
films. The scan rate for each CV was 100 mV/s, and the geometric
area of the PPF electrode was 0.0095 cm® The data in this figure were
replicated two additional times: Figures S8 and S9.

voltammetry of FcMeOH obtained using PPF electrodes that
have not been exposed to plasma treatment prior to the
indicated number of SnO, ALD cycles. SnO, ALD films
reportedly grow at approximately half the rate of the
corresponding Al,Oj; films, and therefore the CVs in Figure 4
were obtained using twice as many ALD cycles as for
ALO;.** As for the previously discussed AlL,O; films, the
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17th CVs are displayed. In contrast to the corresponding Al,O,
ALD films, however, the CVs indicate very little passivation of
the PPF surface after 20, 40, and 60 ALD cycles. Even after 80
ALD cycles (inset) the decrease in faradaic current is minimal.
Note that this latter film had a thickness of 8.0 + 1 nm, which
was determined using the ellipsometric calibration curve shown
in Figure 2b.

Figure 4b shows electrochemical data analogous to those in
Figure 4a, except the PPF substrate was treated with an air
plasma for 15 s prior to ALD of SnO,. The decrease in the
faradaic current arising from FcMeOH is much faster than in
Figure 4a, clearly demonstrating the importance of plasma-
derived nucleation sites for SnO, deposition. For example, after
80 ALD cycles (inset) the faradaic current arising from
FcMeOH oxidation is more than 2 orders of magnitude
smaller than for films deposited on untreated PPF. The
thickness of this 80-cycle film is 6.4 + 0.8 nm.

Figure 4c shows electrochemical data analogous to those in
Figures 4a and 4b, except the PPF electrodes received a 30 s air
plasma pretreatment prior to ALD of SnO,. These data are very
similar to those shown in Figure 4b, indicating that the
electrode surface is nearly saturated with ALD nucleation sites
for SnO, within 15 s of plasma exposure. Note that all of the
data in Figure 4 are reproducible, as evidenced by the replicate
results provided in Figures S8 and S9. Also note that CVs
obtained using a larger scan window for the thickest ALD film
(Figure S10) reveal a rapid increase in current at potentials
positive of ~0.5 V vs. SCE. This might indicate that in this case
tunneling through the film is the dominant mode of electron
transfer rather than direct electron transfer at pinholes.”*>**'

Imaging Pinholes in ALD Thin Films Using Metal
Electrodeposition. We previously used a combination of
electrodeposition and microscopy to visualize pinholes in self-
assembled alkylthiol monolayers.”” In this approach, a metal,
such as Ag or Cu, is selectively deposited only at electroactive
defect sites within an otherwise insulating thin film. In effect,
this amplifies the size of the defects and makes it possible to
image the number of defects and their spatial distribution. We
adopt this same general approach here to better understand the
nature of defects in SnO, and Al,O; ALD films as a function of
film thickness.

In the present study the defect size in the oxide films was
amplified using Ag electrodeposition, and then the resulting
metal islands were imaged using scanning electron microscopy
(SEM). Figure Sa is a representative micrograph of Ag
electrodeposited onto PPF electrode pretreated with 15 s of
air plasma followed by 10 Al,O; ALD cycles. Ag electro-
deposition was carried out by immersing the ALD-coated PPF
electrode in a solution containing 0.50 mM AgNO; and 0.10 M
KNO; and then stepping the potential to a sufficiently negative
potential (—0.25 V vs. MSE) for SO s to deposit Ag. The
identity of the light-colored islands in Figure 5a was determined
using EDS, which indicated the presence of Ag (Figure S11d).
In contrast, no Ag was observed in the dark regions of the
surface (e.g,, on the pinhole-free regions of the oxide). The size
of the Ag islands is typically on the order of ~1 ym (Figure Sc),
but this is not a direct reflection of the defect size, which is
surely much smaller. In other words, the Ag electrodeposition
method is useful for approximating the number of defects that
penetrate through the ALD film, but not for judging their
absolute size.

Figure 5b was obtained under the same conditions as for
Figure Sa, but in this case the PPF electrode was treated with

Figure 5. Representative SEM micrographs of Ag electrodeposited
onto PPF films coated with Al,O; (10 ALD cycles). In (a) the PPF
film was treated with an air plasma for 15 s prior to ALD. For (b) the
plasma time was 30 s. (c) An enlarged view of a typical Ag island
deposited onto a substrate prepared as in (b).

plasma for 30 s, rather than 15 s, prior to coating with 10 ALD
cycles of Al,O;. Both the size and number of Ag islands are
smaller in this case. As noted in the previous paragraph, the size
of the Ag islands does not reflect the absolute size of the
underlying defects, but the relative sizes of the islands may
correlate to relative defect size. The island number density was
estimated using at least 10 randomly selected micrographs from
each of two independently prepared PPF electrodes. The
results indicate an average density of (3.1 + 2) X 10° and (1.4
+ 1) X 10° islands per cm® for 15 and 30 s plasma
pretreatments, respectively. This corresponds to about 1-3
islands per 100 gm?. Similar measurements were conducted on
PPF films (15 and 30 s plasma treatment times) coated with 20
ALD cycles of SnO,, and the corresponding number density of
islands was found to be (1.5 + 0.2) X 10° and (1.5 + 1.0) X 10°
Ag islands per cm?, respectively (Figures S11a and S11b).

The trend in the pinhole concentrations correlates with the
trend from the electrochemical measurements. In the Al,O,
films we observed that the rate of passivation increases with the
amount of plasma treatment for 10 cycles of AL,O; (see the red
CVs in Figures 3b and 3c). This corresponds to more of the
underlying PPF electrode being covered with Al,O; and thus a
lower pinhole concentration. In contrast, the CVs correspond-
ing to the substrates exposed to 20 cycles of SnO, ALD after 15
and 30 s of plasma pretreatment (red CVs in Figures 4b and
4c) are similar, indicating that the surface coverage of SnO, is
approximately the same. This is consistent with the identical
pinhole densities measured using the Ag electrodeposition
method.

Stability of ALD Films in Other Electrolytes. In the
future, we plan to use these ALD films as substrates for
electrocatalytic reactions in acidic solutions, and therefore we
examined their stability at low pH. Figure S12 shows CVs
obtained in a solution containing 1.0 mM FcMeOH and 0.10
M HCIO, using a PPF electrode pretreated with 30 s of air
plasma and then coated with 40 ALD cycles of Al,O;. Even
after 17 consecutive CVs, only a slight faradaic current (tens of
nA/cm? compared to >100 #A/cm?” on the bare PPF electrode)
arising from FcMeOH is observed. Figure S13 provides CVs
under the same conditions, but in this case FeMeOH was
omitted. The results reveal a much lower (and stable)
capacitive current for the ALD-coated electrode.*® We conclude
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that these very thin Al,Oj layers are stable in acidic electrolytes.
Also note that the capacitance of the AL,O; films is
approximately the same regardless of whether FcMeOH is
present in solution.

In addition to determining the stability of the Al,O; films in
HCIO, solutions, we also examined stability in several other
common electrolytes (0.10 M) using 1.0 mM FcMeOH as the
redox probe. Figure S14 shows the first and tenth CVs of
oxidized PPF electrodes (15 s air plasma) coated with 30 ALD
cycles of Al,Os. As judged by the current density arising from
FcMeOH oxidation, the Al,O; films are stable on the 10 CV
time scale (~20 min) in KNO,, K,SO,, KCI, KCIO, and
HNO;, but not HCl or H,SO,. This outcome is not too
surprising, because Al,O; is known to be soluble in acidic
solutions having complexing ligands.® Experiments analogous
to those just discussed for Al,O; were carried out using
electrodes coated using 100 ALD cycles of SnO, (Figure S15).
These films were stable in all eight of the electrolytes examined.

B SUMMARY AND CONCLUSIONS

Here we have shown that carbon PPF electrodes can be
modified with thin, passivating layers of Al,O; and SnO,
deposited via ALD. A key finding is that less defective films
result when oxygen functionalities are introduced onto the
carbon surface prior to ALD. This is presumably because
oxygenation leads to a higher surface density of ALD nucleation
sites. ALD films of Al,O; just ~3—4 nm in thickness result in
complete passivation of the PPF surface toward faradaic
electrochemical reactions. The SnO, films are not as passivating
as Al,O;, but coatings of ~6 nm in thickness block faradaic
current. Importantly, both the Al,O; and SnO, films are stable
in many neutral and acidic common electrolytes even after
repeated voltammetric scanning.

It has recently been shown that passivating films having
thicknesses on the same order as those reported here can be
rendered electrochemically active if metal nanoparticles are
immobilized on their surface.’®*® This finding provides a basis
for using thin ALD oxide films as substrates for nanoparticle-
catalyzed electrochemical reactions.”"®" We are presently
carrying out such studies, and the results will be published in
due course.
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