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ABSTRACT: Semiconducting oxides, particularly mixtures of different transition-
metal oxides, are promising materials for oxygen evolution reaction (OER) catalysts.
Assessment of these materials is often complicated by inadequate dispersion of the
materials, charge transport limitations, and lack of surface area characterization. Thin
films deposited by atomic layer deposition (ALD) present an excellent way to
overcome these issues. Here, we present the first work using ALD to investigate
ternary oxide electrocatalysts, specifically with the Ti−Mn ternary oxide system. Thin-
film mixtures of between 1.4 and 2.8 nm in thickness are successfully synthesized by
ALD and show a high degree of mixing. At compositions between ∼10 and 70% Mn:
(Mn+Ti), there is a reduction in ALD growth rate relative to the growth rates of the binary constituents. Moreover, we observe a
shift in the chemical binding energies of both Mn and Ti over this composition range. An elevation in the activity of Mn active
sites for OER is observed with increasing MnOx content in TiO2, increasing the turnover frequency (TOF) by approximately an
order of magnitude. These results are consistent with previous DFT calculations. We also explore the effect of film thickness of
the ternary metal oxide on catalytic activity, highlighting how ALD allows for charge transport limitations to be minimized.

KEYWORDS: ALD, electrocatalysts, ternary oxide, MnOx, TiO2, oxygen evolution reaction

I. INTRODUCTION
Catalysts for the oxygen evolution reaction (OER) are critical
in many energy-transforming technologies, including solar fuel
generation, metal−air batteries, and regenerative fuel cells.1−5

Catalysts must not only efficiently catalyze the reaction but also
be stable under the harsh oxidizing conditions of OER and
preferably be of low cost. Metal oxides are particularly
promising candidates for OER catalysts. Precious metal oxides
including IrOx and RuOx

6,7 along with earth-abundant metal
oxides such as MnOx, CoOx, and NiOx have been identified as
promising choices. Unfortunately, the four-electron OER
process in which water is oxidized to oxygen remains one of
the main sources of overpotential for these technologies, and
advances in earth-abundant OER catalysts are critical for
improving their economic feasibility. Mixtures of semiconduct-
ing oxide materials have shown much promise as OER catalysts,
although these materials are often difficult to characterize.8−12

Thin films provide an excellent model system to test and
compare mixtures of semiconducting oxide materials. First, thin
films can assist in decoupling the effects of charge transport and
catalytic activity of a surface, which is of great importance in
electrochemical testing of semiconducting thin films.13,14

Second, the use of thin films allows for less variation in the
surface roughness and decreases mass transport losses, enabling
better characterization of the active surface area.15−17 Such
effects are particularly important in metal oxides, where it is
difficult to determine the number of active sites.10 Third, thin
films cannot support a large depletion region, making the
activity less dependent on carrier concentration and interfacial
contact problems.11 These thin films can then be applied to
highly structured substrates to achieve high geometric or
volumetric activity.

Atomic layer deposition (ALD) is an excellent method of
depositing high quality, uniform thin films. ALD is a vapor
phase deposition technique consisting of a series of self-limited,
saturated half-reactions.18−20 Substrates are sequentially ex-
posed to reactants or counter-reactants until a film of the
desired thickness is reached. ALD is gaining increasing
attention in the catalysis field. It has been used to deposit
catalytic metallic thin films such as Pt,21 Ir,22 and Pd23 along
with metal oxide films such as MnOx,

24 VOx,
25 and CoOx,

26

often taking advantage of ALD’s ability to uniformly coat high-
surface-area supports. While metal and binary oxides are
relatively straightforward to synthesize by ALD, ternary oxides
are often much more complicated to deposit.27−29 The
chemistry of the ligands and counter-reactants must be chosen
to be compatible, and factors such as etching, self-catalysis of
ALD reactions, and nucleation can affect deposition. Never-
theless, ternary oxide films deposited by ALD have already been
used in a variety of applications, including tribology coatings,30

high-k dielectrics,31 transparent conducting oxides,32,33 and
buffer layers.34 However, despite the many interesting
applications of ternary oxides as electrochemical catalysts,
including for OER, to our knowledge there have been no
previous reports of ternary oxide electrocatalysts deposited by
ALD. In this work, we study thin films of mixed Mn and Ti
oxides as OER catalysts.
We have previously shown that ALD-MnOxan earth-

abundant, nontoxic, bioinspired OER catalystis as active as
some of the best MnOx catalysts in the literature.24 Like most
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explored transition-metal oxides, its activity for the OER can be
related to a single descriptor, ΔGO* − ΔGOH*, which captures
how strongly the intermediates bind to the surface.35 From
DFT calculations, it appears that O* binds too strongly to the
manganese oxides.35 TiO2 is commonly found in OER catalysts
such as dimensionally stable anodes (DSAs) due to its high
stability, although it binds too weakly to O* to act as a
catalytically active site.36 In metallic systems, the strength of the
binding may be altered by alloying two metals, one of which
binds the intermediates too strongly and one of which binds
too weakly, to alter the binding of the catalyst and create more
active catalysts.37,38 Mixing metal oxides has been proven to
create more active catalysts as well.11,39 DFT calculations have
indicated that mixing TiO2 and transition-metal oxides can alter
the binding of the catalytic intermediaries to the metal ions and
may produce highly active catalysts.40 A high level of mixing
would be needed to achieve these effects, and ALD has the
potential to achieve this mixing along with a fine control over
film thickness.
In this work, we deposit thin films of Mn and Ti oxides over

the full span of their compositions by ALD. First, we show that
these thin films can be synthesized and correlate measured
growth rate with the expected growth rate from the rule of
mixtures, which is a weighted average of the individual binary
oxide growth rates. For low levels of Mn, a significantly
decreased growth rate is found. However, the film composition,
as determined by XPS, is close to the expected value over the
entire span of compositions. Shifts in the Ti-2p3/2 and Mn-2p3/2
XPS peaks with composition suggest intimate mixing within the
film. Second, we test the effect of composition on the MnTixOy
catalytic activity for OER. The activity of the films monotoni-
cally increases with increasing content of Mn. The presence of

Ti appears to suppress the overall activity of the Mn. Third, we
show the importance of using thin films to characterize these
mixed-metal oxide systems and illustrate how charge transport
limitations can mask the activity of a film.

II. METHODS

A careful choice of precursors and ALD conditions is necessary
for the growth of a ternary oxide system. Bis-
(ethylcyclopentadienyl)manganese (Mn(EtCp)2 Strem Chem-
icals), titanium tetraisopropoxide (TTIP, Aldrich), and water
were used as the Mn source, Ti source, and O source,
respectively. The saturation conditions for the binary oxide
components were selected from previous reports24,41−43 and
reevaluated throughout sample preparation. The precursors for
these systems were chosen to have compatible ALD windows.
Both TTIP and Mn(EtCp)2 use water as the counter reactant.
The ALD window is reported to be between ∼190 and 260 °C
for the formation of TiO2

42,43 and between 100 and 300 °C for
the formation of MnO.41 A stage temperature of 200 °C, falling
within both systems’ ALD windows, was selected. The
chemistry of the reactants was also chosen to avoid formation
of more stable non-oxide byproducts. For example, the use of
TiCl4 as the Ti source leads to the formation of MnCl2, which
interferes with the desired ALD behavior.
ALD was performed in a custom-built, hot-wall ALD reactor

complete with five ports for precursors. Films were deposited at
200 °C with a continuous N2 flow rate of 10 sccm. Silicon
(100) wafers (WRS Materials) used as witness wafers to
measure ALD film thickness were cleaned with O3 for 15 min
immediately prior to use. ALD samples for catalytic testing
were deposited on FTO (TEC 8, Hartford Glass). The FTO
was cleaned prior to ALD by sonicating in acetone for 30 min,

Figure 1. Thin films of mixtures of Ti and Mn oxides were grown by ALD using the supercycle sequences shown in (a). Each square consists of a
metal-precursor pulse and a water pulse, and the macrocycles always end with MnO. These ALD processes produce films containing both Mn and
Ti, as shown by a XPS survey scan (b) of a 33% MnO ALD cycle film. (c) Experimental composition from XPS of the thin films closely follows the
expected composition from the weighted average of the growth rates (rule of mixtures, ROM). Error bars reflect the error associated with the XPS
measurement. It appears the films are slightly Mn deficient. (d) Theoretical growth rates from the ROM are compared to the experimental growth
rates. A large suppression in the growth is observed for films between ∼10 and 70% MnO by ALD cycle. Error bars from three unique ALD runs at
25% and 33% indicate the reproducibility of these results.
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followed by sonication in DI H2O for 30 min. Film
composition was confirmed by XPS to be the same between
the FTO and the Si wafers. The deposition consisted of a 2 s
pulse of the metal precursor, a 50 s purge, a 2 s pulse of water,
and a 65 s purge, repeated to obtain the desired thickness.
Sample deposition was designed to create the highest amount
of material mixing possible by using the lowest ratio of cycles
for the desired composition. For example, a 25% Mn:(Mn+Ti)
sample (by cycle number) consisted of 20 supercycles
comprised of 3 TTIP/H2O and 1 Mn(EtCp)2/H2O individual
cycles to get a film ∼1.5 nm thick. The last cycle consisted of
Mn(EtCp)2/H2O for all samples except for the 0% Mn:(Mn
+Ti) film to keep the surfaces consistent. Samples were
removed from the reactor at 200 °C.
Sample thickness was characterized on Si wafers using

ellipsometry (Woolam α-SE). Measurements taken at 65, 70,
and 75° were used in the fitting. Sample thickness was modeled
using both a model optimized for TiO2 and a model optimized
for MnO. For thin samples (<4 nm), both models gave a
thickness within 1 Å of one another. Models for thicker samples
(4−35 nm) had less than an 8% difference in thickness, and the
reported thickness was estimated from the model closest to its
composition.
XPS measurements were taken on a PHI VersaProbe

Scanning XPS Microprobe with Al Kα radiation of 1486 eV.
To determine the composition of the film, survey scans were
taken. The ratio of the areas of the Mn 2p3/2 and Ti 2p peaks
was used to find the percent composition of the metal ions of
these films. High-resolution scans of the Ti 2p and Mn 2p3/2
regions were also completed to examine shifts in the binding
energy.
Catalytic OER testing was performed in a home-built Teflon

compression cell. The electrolyte was 0.1 M KOH prepared
with Milli-Q H2O (18.2 M Ω) and was purged continuously
through a glass sparger with Ar. A coiled Pt wire served as the
counterelectrode, and a Ag|AgCl reference electrode was used.
The potentials were controlled using a Bio-Logic SP-200
potentiostat. An area of 0.5 cm2 was exposed to the electrolyte,
and conductive Cu tape was used to make contact with the
FTO. Samples were purged with Ar for 5 min. The samples
were then polarized between 1.1 and 1.9 VRHE at a scan rate of
20 mV/s for 11 sweeps. The resistance of the electrolyte was
accounted for by iR compensation at 85%. A lower bound for
the TOF was estimated by assuming all Mn atoms in the film
were catalytically active and assuming a bulk MnO crystal
structure for the thin films.
Redox experiments to probe the conductivity of the sample

were completed in a setup similar to that for the OER testing.
An electrolyte consisting of 0.1 M K4Fe(CN)6 (Sigma-Aldrich),
0.1 mM K3Fe(CN)6 (Sigma-Aldrich), and 0.1 M KOH was
used, and the electrolyte was continuously purged with Ar. The
potential was scanned between 0.66 and 1.76 VRHE at a scan
rate of 20 mV/s.

III. RESULTS AND DISCUSSION
The films were grown by the ALD process described in the
Methods section using the smallest number of subcycles to
achieve each desired composition, as shown in Figure 1a. This
was done to maximize mixing and promote the formation of
Mn−O−Ti bonds. XPS survey scans were taken of each
sample, as illustrated by the spectrum for a 33% Mn:(Mn+Ti)
(by cycle number) film shown in Figure 1b. The XPS results
demonstrate that both Ti and Mn are present in the mixed

films in all cycle ratios from 10 to 90% Mn:(Mn+Ti). Under
the deposition conditions used, ALD of pure MnO has a
growth rate of 0.8 Å/cycle, while ALD of TiO2 has a growth
rate of 0.3 Å/cycle. Thus, we do not expect the composition of
the films to be proportional to the number of cycles. Instead,
the expected concentration of metal ions can be estimated by
the rule of mixtures (ROM):28

α β
α β α β

=
+ −

×% Mn
(1 )

100ROM
Mn Mn

Mn Mn Ti Mn

where αx is the growth rate of metal oxide x and βx is the
fraction of cycles of metal oxide x. The saturated growth rate for
each binary material, αx, is measured using ellipsometry and is
consistent with our results reported elsewhere,14,24 and βx is
determined by the ALD procedure used to make each
composition shown in Figure 1a. The green line in Figure 1c
maps the expected composition in atom % Mn of the metal
ions (i.e., not including oxygen) from the ROM. These values
are compared to experimental results obtained by XPS of Mn
and Ti in the mixtures for films between 1.4 and 2.8 nm in
thickness. Error bars are estimated by including a 20% error in
the measurement of each element, approximating the error in
the XPS measurement. The experimental values and expected
values from the ROM are in good agreement, although the
amount of Mn measured by XPS consistently appears to be
slightly lower than the expected ROM. Likely the film growth
rate changes when growing on ternary oxides in comparison to
the binary components.
To investigate this effect, we measured the changes in the

growth rate of the ternary oxides in comparison to the binary
oxide components. The expected growth rate (GRROM)
assuming the materials grow independently from one another
can be found from the ROM:

α β α β= + −GR [ (1 )]ROM Mn Mn Ti Mn

In actuality, the growth rate is likely to change when one
material is deposited onto a dissimilar material. We calculate
the experimental growth rate from the measured thickness, dexptl
and the number of cycles, as follows:

=
+

d

A B
GRexptl

exptl

where A and B are the total number of Mn and Ti ALD cycles.
In Figure 1d, GRROM and GRexptl are plotted versus
composition for films between 1.4 and 2.8 nm. We find that,
for these thin films, there is a large suppression in the expected
growth rate when the Mn concentration is between ∼10 and
60% Mn:(Mn+Ti) (by cycle number). For example, a film
containing 42 atom % Mn:(Mn+Ti) by XPS (25% by cycle
number) that has a GRROM value of 0.41 Å/cycle only has a
GRexptl value of 0.19 Å/cycle, representing a decrease in the
average growth rate of over 50% (5.6 nm film versus a 2.6 nm
film). A minimum of three ALD runs performed for thin 25%
and 33% Mn:(Mn+Ti) (by cycle number) films confirms the
repeatability of the low growth rates for films with low
concentrations of Mn, as shown by the error bars in Figure 1d.
Films with a higher concentration of Mn may have a slight
increase in the observed growth rate in comparison to the
expected value.
We hypothesize that the changes in the ALD growth rate

may be related to the number of surface reaction sites produced
by a precursor landing on the surface. The Mn precursor,
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Mn(EtCp)2, and Ti precursor, TTIP, have two and four ligands,
respectively, which can exchange with surface groups. The
number of ligands that react with the surface will control the
number of available sites for the next ALD cycle. For example, if
TTIP reacts at the MnO-terminated surface via three of its
ligands, then the surface reaction site density will decrease,
causing a decrease in the growth rate for subsequent cycles and
an overall decrease in the growth rate of a mixture. A similar
explanation has been suggested by Tanskanen et al. for a ZnO−
SnO2 ALD system grown from diethylzinc (DEZn) and
tetrakis(dimethylamido)tin (TDMASn).29 Analogous to the
system studied in this paper, DEZn has two ligands and
TDMASn has four ligands. Tanskanen et al. found a decrease in
the growth in the ternary ZnO−SnO2 ALD system in
comparison to the constituent binary components that could
be accounted for by a thermodynamically favorable three-ligand
exchange of TDMASn on a ZnO surface.29 However, applying
this model to our study will require additional understanding of
how many ligands TTIP exchanges on a MnO surface. It is
possible that other factors, including changes in the reactivity of
the individual reaction sites or etching, may come into play.
The effect of the compositional mixing on the binding in the

MnTixOy ternary oxides has been investigated by high-
resolution XPS scans of the metal ions. The Ti 2p3/2 core
level peak is shown in Figure 2a. A shift of the Ti 2p3/2 peak to

lower binding energy with increasing Mn concentration is
observed, going from 459.0 eV for pure TiO2 to 458.2 eV for a
film containing 95 atom % Mn:(Mn+Ti). The value of 459.0
eV is typical for Ti4+,44 and the presence of Mn appears to
slightly reduce the average oxidation state of the Ti. The Mn
2p3/2 peak for different concentrations is plotted in Figure 2b.
Due to the broad nature of the Mn 2p3/2 peak, it is difficult to
assign an exact oxidation state from peak position alone, but the
lack of a satellite peak for the Mn2+ in the samples is consistent
with the surface of the MnO oxidizing in air to form a Mn3+/4+

mixture.24 There is also a shift to lower binding energy of ∼1
eV in the Mn 2p3/2 peak position with increasing Mn
concentration. These higher binding energies are associated
with a film containing more highly oxidized Mn. The shifts in
the binding energy of the Ti 2p3/2 and Mn 2p3/2 peaks are
consistent with previous reports of doping TiO2 thin films and
are indicative of the formation of Mn−O−Ti bonds.44,45 These
high-resolution scans show that the mixing of Mn and Ti affects
the electronic properties of the materials, suggesting good
intermixing in the films.
We now look at how the composition affects the catalytic

activity of the MnTixOy thin films for OER. The first sweep of a
cyclic voltammogram in the anodic direction is plotted in
Figure 3a. The sample films are all between 1.4 and 2.8 nm
thick (i.e., thin enough to avoid charge transport limitations);
thus, we are probing differences in the activity of the surface
rather than differences in charge transport. A bare FTO
substrate is included for reference. The catalytic activity
decreases monotonically with increasing amounts of Ti in the
film. It is well-known that the catalytic activity of MnOx is
greater than that of TiO2 for OER.14,24 Hence, it can be
assumed that the effect is related predominantly to the
decreasing amount of MnOx active sites.
To more clearly quantify the change in activity with

composition, we plot in Figure 3b the current density, j,
measured at 1.85 V versus the composition ratio determined
from XPS. At least three samples were tested for each point,
and error bars indicate one standard deviation. If the presence
of Ti simply decreased the number of MnOx active sites, we
would expect the current density obtained to follow the
stoichiometric current density, jstoich. The jstoich value is
calculated by assuming that the current density is proportional
to number of Mn and Ti sites in the film:

χ χ= +j j jstoich Mn Mn Ti Ti

where jx is the current density for a given voltage for a binary
oxide of element x and χx is the fraction of surface sites of
element x. The jstoich values are plotted as the dotted line in
Figure 3b. However, instead of matching the jstoich, we observe a
suppression in the catalytic activity of the Mn with increasing
Ti which is larger than that expected from the stoichiometry.
Because the experimental points are based on XPS
composition, which considers the bulk of the film rather than
simply the surface, there will be a small systematic error toward
lower atom % Mn. Namely, since all Mn-containing films were
terminated with a MnO ALD cycle, the electrochemically active
surface likely contains a greater amount of Mn. Thus, the error
would be a shift of the experimentally derived current densities
to higher Mn content, further increasing the apparent
suppression in the films. The suppression in activity is also
clearly observed when plotting current density per mass loading
of Mn (Figure S1 in the Supporting Information). The TOF of
the Ti−Mn ternary oxides was estimated by assuming all Mn

Figure 2. High-resolution XPS scans of the (a) Ti 2p3/2 and (b) Mn
2p3/2 regions, revealing shifting chemical states with changing
composition. These shifts are indicative of the formation of Mn−
O−Ti bonds.
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atoms in the film are electrochemically accessible. Since all Mn
atoms in the film may not be active, this calculation will
estimate a lower bound for the TOF; however, because the
films are only on the order of 10 layers of atoms thick, we
estimate the TOF to be within 1 order of magnitude of the

actual value.11 Using this approximation, we estimate that the
TOF increases by approximately 1 order of magnitude from
∼0.2 s−1 for a film containing 24 atom % Mn:(Mn+Ti) to ∼4
s−1 for pure MnOx thin films at an overpotential of 0.63 V. This
large increase in TOF indicates that there is a suppression in
the inherent catalytic activity of MnOx due to the presence of
TiO2, most evident at low Mn compositions.
Tafel plots provide further information on the kinetics of the

catalysts. They were constructed by plotting the iR-corrected
voltage versus the logarithm of the current density. As seen in
Figure 3c, the Tafel slope decreases with increasing Mn
composition, going from 152 mV/decade for a film containing
24 atom % Mn:(Mn+Ti) to 113 mV/decade for 100% MnOx,
supporting the hypothesis that the catalytic sites are becoming
increasingly active with Mn concentration. Interestingly, films
with greater than 80 atom % Mn:(Mn+Ti) (XPS) all have
similar Tafel slopes and similar Ti 2p3/2 or Mn 2p3/2 binding
energies. This suggests that once a composition of 80% Mn:
(Mn+Ti) is reached in the oxide thin films, the effect of the
TiO2 is mainly a reduction in the number of electrochemically
accessible Mn active sites. The increase in the Tafel slope at
higher current densities for the films with high concentrations
of Mn is likely related to mass transport losses. Thus, the
impact of the Ti appears to be 2-fold: a stoichiometric effect
due to the reduction of the number of active sites and an
electronic effect that decreases the activity of the individual
active sites at low Mn concentrations. The Ti does not appear
to have a significant impact on the stability of the Mn-
containing catalysts, and all show a decrease in activity over the
11 CV cycles of around 20−70% (see Figure S2 in the
Supporting Information).
The apparent suppression of the Mn activity supports the

conclusion from the XPS measurements that Ti and Mn are
well mixed and form bonds that can affect the electronic state
of the metallic ions. An inspection of the volcano plot in ref 35
suggests that although the Ti weakens the binding of O to Mn,
it weakens it too much, surpassing the ideal binding energy.35

Other authors have used DFT to calculate the effects of doping
TiO2 with Mn on the overpotential for OER.40 They found that
in these systems the Mn is more active than Ti atoms and that
Mn sites show an overpotential comparable to or slightly higher
than that of the undoped MnOx, both consistent with our
results.
Here we propose further explanation for the observed

experimental suppression in activity of low atom % Mn. Recent
literature has pointed to the importance of the Mn oxidation
state, particularly the Mn3+ state, in water oxidation and
indicates that the ability to easily change oxidation states is
important in catalytic activity toward OER.46−48 ALD MnO is
known to oxidize under OER conditions to an average
oxidation state of 3.3−3.7 depending on testing conditions.49

From the high-resolution XPS scans of Ti and Mn (Figure 2), it
is apparent that the alloying of these two oxides affects the
electronic states of the atoms, and films with a greater amount
of Ti begin with a slightly higher initial oxidation state of the
Mn. It is possible that the Ti affects the ability of the Mn to
reach the most active state, altering the way the Mn switches
oxidation states, consequently resulting in lower activity of the
film. Another possibility is that the mechanism associated with
the lowest overpotential requires two or more Mn centers in
close proximity. Thus, the degree of mixing is an important
variable to control for in the design of catalysts, even for
systems in which electrocatalysts are combined with a relatively

Figure 3. (a) Anodic direction of CV curves for different compositions
of Mn−Ti oxide thin films, showing a monotonic drop in activity with
increasing level of Ti. (b) Slice of the current density obtained at 1.85
V further revealing the suppression by the Ti of the activity of the Mn.
(c) Tafel slopes of the Mn oxide containing thin films revealing
decreasing Tafel slope with increasing Mn composition. If the effect
were purely due to a decreased number of active sites, we would expect
the current density to follow close to the dashed line in (b) and
maintain a similar Tafel slope.
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inert substrate such as TiO2. For example, in the PEC splitting
of water, TiO2 has played a foundational role and hence there is
interest in applying thin layers of catalysts on TiO2 by
ALD.22,50 Small amounts of MnOx can greatly enhance the
activity of TiO2, and MnOx has been previously used to
improve the activity of TiO2 nanowire photoanodes.51

However, as shown by the current results, for the highest
activity, less thoroughly mixed Ti−Mn oxides may be preferred.
Other material systems may also demonstrate similar proper-
ties.
The use of a thin film platform allows for study of the

thickness dependence of the electrocatalyst.10,11 In thicker
films, charge transport can become rate limiting, masking the
catalytic activity of the surface. We have recently shown that for
thin films of ALD-TiO2 deposited under conditions similar to
those in this paper, charge transport limitations mask the
catalytic activity by dexptl ≈ 4 nm.14 By comparison, ALD-MnOx
of ∼44 nm in thickness retained high catalytic activity.24

Guided by these earlier results, we grew all samples used for
comparison of catalytic activity than 3 nm to help reduce any
effects of charge transport in the catalytic testing of the films.
However, by changing the thickness of the Mn−Ti oxide films
systematically, we can investigate the thickness-dependent
transport in these mixed metal oxide materials.
The effect of film thickness on the catalytic activity of the

films was explored for films containing two different Mn
concentrations: 66 and 95 atom %. Both compositions display a
drop in activity beyond a critical thickness. The anodic
direction of the first CV for a film containing the 66 atom %
Mn:(Mn+Ti) sample is shown in Figure 4a, and the current

densities at 1.85 VRHE versus thickness for films containing both
the 95 and 66 atom % Mn:(Mn+Ti) films are plotted in Figure
4b. For the thinnest films, the activity of the 66% Mn:(Mn+Ti)
sample is lower than that of the 95 atom % Mn:(Mn+Ti) film,
as expected from the discussion above. Moreover, the activities
of the 66 atom % Mn:(Mn+Ti) samples begin to decrease
beyond ∼5 nm. The 95 atom % Mn:(Mn+Ti) samples appear
to retain their activity at greater thicknesses than do the 66
atom % Mn:(Mn+Ti) samples, but eventually the activity of the
95 atom % Mn:(Mn+Ti) film also decays, once a critical
thickness of ∼10 nm is surpassed. This behavior is consistent
with a model in which charge transport becomes limiting
beyond critical film thickness, as described in systems of
TiO2.

14 Initially the current stays approximately constant with
increasing thickness, likely because the subsurface sites are
inaccessible to the electrolyte. The inaccessibility of the Mn can
be further emphasized by plotting current density per mass
loading of Mn (Figure S3 in the Supporting Information),
where a decay in the activity of a mass loading basis is seen with
increasing film thickness. This decay is even more dramatic for
films beyond the critical charge transport thickness because of a
combination of both a lower proportion of electrochemically
accessible Mn in the film and charge transport limitations.
When the charge transport cannot supply an adequate number
of holes to the active sites, some voltage is lost to polarize the
film, causing a decrease in the activity.
To confirm that the reduction in catalytic activity is related to

charge transport limitations and not to a change in the surface
chemistry of the electrocatalyst with thickness, we also probed
the conductivity of the film using a Fe(CN)6

3+/4+ redox couple.

Figure 4. The importance of using thin films is highlighted by making samples of different thicknesses and testing their catalytic activity. (a) CVs for
66% Mn:(Mn+Ti) (XPS) reveal decreasing activity with increasing thickness. (b) Samples of different thicknesses displaying this trend, as evidenced
by the current density at 1.85 V for 66% Mn:(Mn+Ti) and 95% Mn:(Mn+Ti) versus thickness. The deleterious effect of film thickness is believed to
be due to charge transport. Lines are given to guide the eye. Probe of the charge transport using a Fe(CN)6

2+/3+ redox couple for (c) 66% Mn:(Mn
+Ti) and (d) 95% Mn:(Mn+Ti) (XPS) Mn. The current decreases with increasing film thickness, confirming that the reduced activity is related to
charge transport limitations.
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This redox couple undergoes an outer-sphere redox reaction;
thus, it is relatively insensitive to the chemistry of the
surface.52−54 Instead, it directly probes the conductivity of the
film. The redox couple and pH of the solution are selected to
investigate similar conditions occurring under OER conditions,
placing the redox potential at ∼1.25 V. Representative CVs for
bare FTO, 5.2 nm containing 66 atom % Mn:(Mn+Ti) and
15.6 nm containing 66 atom % Mn:(Mn+Ti), are shown in
Figure 4c. On bare FTO, both an oxidation and reduction
feature are observed. Upon addition of 5.2 nm of Ti−Mn oxide
film with 66% Mn:(Mn+Ti) composition, the distance between
the peaks broadens, indicative of a greater difficulty in the redox
reactions of Fe(CN)6

3+/4+ due to charge transport limitations.
With the addition of 15.6 nm of film, no distinct maxima in the
redox features are discernible over the range of voltages tested,
indicating large barriers to charge transport. This result is
consistent with OER measurements, where the low activity is
seen for the thicker films. A similar trend is observed for films
containing 95 atom % Mn:(Mn+Ti), in Figure 4d. Hence, this
work shows that mixed Mn−Ti oxide films suffer from charge
transport limitations at thicknesses as small as 4−10 nm at
compositions when the Mn content decreases below 95 atom %
Mn:(Mn+Ti), further motivating the use of a technique such as
ALD to fabricate ultrathin catalysts.

IV. CONCLUSIONS
Ternary oxides are promising material candidates for OER
catalysts, although control over the synthesis and surface
composition can prove difficult. In this study, we used ALD to
deposit mixtures of Mn and Ti oxides, two oxide materials of
high interest to the field of catalysis. We have characterized the
deposition of these thin films and shown that good mixing
occurs between the two oxides. The catalytic activity for OER
was investigated by CV, and it is observed that the activity
decreases with increasing Ti concentration. Interestingly, it
appears that the Ti alters the electronic state of the active Mn
sites, reducing their activity. While this is indicative of the good
mixing achievable by ALD, different material combinations
must be explored to achieve better activity. The importance of
using thin films is also emphasized by showing the impact of
charge transport, which can become rate limiting. For some
compositions, the critical thickness at which charge transport
dominates is less than ∼5 nm. This is the first study of ternary
oxide electrocatalysts created by ALD, and the results indicate
that it is an excellent method to explore mixtures of different
oxides. This technique has the added benefit of being easily
translated to coating high-surface-area, nanostructured supports
for advanced catalytic design.
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