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ABSTRACT: Ultrathin TiO, was grown on hematite surface ~Surface state passivation photovoltage performance
by atomic layer deposition (ALD). Obvious photoelectro-

chemical water oxidation performance improvement was ngz & Vph 7 PEC OER/
observed for samples treated with as few as a single cycle of 4ou° . R :‘ ol T of peshaed -
TiO, deposition. Up to 100 mV cathodic shift of the turn on o2 ALD : N N - g: \)\
potential was measured on samples treated by 20-cycle ALD '~'F32%i pastiCiion” | ™ o HY X bai
TiO,. Photocurrent improvement was also measured on Lo imms ;'H;

samples treated by ALD TiO,. Systematic studies ruled out
possibilities that the improvement was due to electrocatalytic

or bulk doping effects. It was shown that the surface treatment led to better charge separation, less surface charge recombination
and, hence, greater photovoltage by hematite. The facile surface treatment by ultrathin TiO, may find broad applications in the

development of stable and high-performance photoelectrodes.
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B INTRODUCTION

Rapid increase of global energy needs and the negative
environmental impact by the usage of fossil fuels have made
the utilization of clean, renewable energy sources such as solar
energy an urgent task.' A key challenge in solar energy
harvesting is the intermittent nature of sunlight, which
necessitates a large-scale energy storage solution.”> Photo-
electrochemical (PEC) water splitting holds the potential to
meet the challenge because it can directly store the harvested
solar energy in chemical bonds of energetic chemicals such as
hydrogen.”~* Although a topic of intense research for over 40
years, PEC water splitting progresses at a slow pace. The key
issue has been the lack of photoelectrode materials, in
particular, those for water oxidation, which can offer high
efficiency at a low cost.”

Among various candidates studied, hematite (a-Fe,05)
represents a protypical material that deserves special attention.
On the one hand, it is an earth abundant compound with a
medium band gap (2.0-22 eV) that can enable solar-to-
hydrogen (STH) conversion efficiencies up to 15.3%.° In
addition, hematite is stable against photocorrosion in alkaline
solutions.>” On the other hand, most problems found in other
metal oxide semiconductors including short minority charge
diffusion distance, low optical extinction coeflicient in the
visible range and poor water oxidation kinetics are all present in
hematite.*” The promise it holds and the challenges it presents
make hematite a desired study platform to understand materials
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for PEC water splitting. Indeed, many strategies designed to
improve the photoelectrodes for better PEC water splitting
have been tested on hematite. For instance, nanostructuring has
been shown to improve charge transport in hematite;'*~"> light
absorption could be increased by adding components for
multireflections; ' the carrier concentration may be boosted by
introducing dopants;'*'® the onset potentials (V,,, the lowest
potential at which photocurrents are measured) are decreased
by changing the band edge positions,'® passivating the surface
718 “or applying catalysts.”'”*° These intense efforts
notwithstanding, the energy convesion efficiencies of hematite
are still significantly lower than the theoretical value.® The lack
of a detailed understanding on the semiconductor/water
interface is an important reason why research has progressed
slowly.

Consider treatments aimed at reducing V,,
Factors that can contribute to reducing V, include the increase
of photovoltage (Vph) and the reduction of kinetic over-
potential, both highly sensitive to the nature of the hematite/
water interface. When a lower V, is observed, knowing which
factor plays a more important role is critical because the
knowledge helps guide future research to further improve the
peformance.21 In an effort to distinguish these factors, we have

states

as an example.
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Figure 1. Schematic drawing of the test cell configuration of TiO,-passivated hematite for water splitting. For clarity, the reference electrode is not

shown.

recently examined two water oxidation catalysts, MnO, and
NiFeO,, respectively, and obseved how they changed the
performance of hematite.>** Although the effects were in stark
contrast, with MnO,, producing drastically higher and NiFeO,,
yielding dramatically lower Vs, changes in V;, were the key
reason for the observed differences in both cases. Here we
extend our study to ultrathin TiO, and show that a coating as
thin as 0.8 nm is sufficient to reduce V,, by >100 mV. Different
from previous reports by Grimes> and others,”*** our present
work demonstrates a surface passivation effect by TiO,,
resulting in increased photovoltage and better PEC water
oxidation performance.

B EXPERIMENTAL SECTION

Synthesis of Hematite Films. Ti foil (Sigma, 0.127 mm, 99.7%)
was cleaned sequentially with acetone, methanol and 2-propanol, and
blown dry using N,. For good conductivity and stability during the
thermal annealing of hematite at higher temperature, a layer of 100 nm
Pt coating was deposited on the Ti foil with an e-beam thermal
evaporator (Sharon Vacuum), before atomic layer deposition (ALD)
growth. Iron fert-butoxide (prepared as reported), Ti(i-PrO), and
deionized water (18 MQ) were used as ALD precursors. NaOH
(Alpha, 97%; 1.0 M concentration) solution was used as the electrolyte
for PEC measurements.

Fe,O; films: detailed information about the synthesis of Fe,O; by
atomic layer deposition (ALD: Savannah system, Cambridge Nano-
tech) at 180 °C has been reported previously.'? Briefly, the growth was
carried out for 400 cycles (estimated thickness: 25 nm). The Fe
precursor was maintained at 117 °C to yield appreciable vapor
pressure, and H,O was used at room temperature. After growth, the
film was annealed at 500 °C for 20 min in ambient air.

TiO, layer: the TiO, was deposited on annealed hematite or
conductive substrate (Pt-coated Ti foil) by ALD (Savannah system,
Cambridge Nanotech) following parameters reported previously.”®
The growth was carried out at 275 °C with Ti(i-PrO), (maintained at
75 °C) and H,0 (room temperature) as Ti and O precursors,
respectively. Before each deposition, the bubbler of the Ti precursor
was purged to remove the excess pressure to avoid uncharacteristically
fast deposition during the first cycle. The deposition rate was
estimated to be 0.04 nm/cycle. After growth, the films were annealed
at varying temperatures for 0.5 h in air.

Material Characterization. After preparation, bare hematite and
those with TiO, decorations were fashioned into electrodes as we have
published previously,”* with an electrical wire connected on the back
side by conductive epoxy and sealed in nonconductive epoxy resin. To
study the Tafel behavior of TiO,, Pt-coated Ti foil was used as a
substrate onto which the TiO, sample was grown. PEC measurements
were conducted on a CHI 609 potentiostat (CH Instrument) in a

three-electrode configuration, with Fe,O; (with or without TiO,
decoration) as the working electrode, a Pt wire as the counter
electrode and a Hg/HgO in 1.0 M NaOH as the reference electrode.
The electrolyte was 1.0 M NaOH solution (pH = 13.5) saturated with
O,. The light source was a solar simulator (Oriel, model 96000)
equipped with a AM 1.5 filter with the illumination intensity calibrated
to 100 mW/cm?* by a thermopile optical detector (Newport, Model
818P-010-12).

Electrochemical Tests. All potentials reported here were
normalized to reversible hydrogen potential (RHE) unless specified.
Current density—voltage (J—V) plots of bare Fe,0; and Fe,05/TiO,
photoelectrodes were generated under light and dark conditions in 1.0
M NaOH, with a scanning rate of 20 mV/s between 0.8 and 1.6 V.
Electrochemical impedance spectroscopy (EIS) was collected in 1.0 M
NaOH solution, with an amplitude of 5 mV and frequencies varying
between 1 and 100 000 Hz within a potential window of 0.7—1.7 V.
Photovoltage measurements were carried out following an open circuit
potential method using a three-electrode conﬁ§uration under dark and
light conditions as reported by us previously.”>**

B RESULTS AND DISCUSSION

Hematite was grown on Pt-coated Ti foil by atomic layer
deposition (ALD) and annealed in air following previously
published protocols (see the Experimental Section). Although
the Pt-coated Ti foil is different from the common fluorine-
doped tin oxide (FTO) substrates, and the back reflection of
the Pt substrate would increase the light absorption,'® the
comparison between the bare and TiO,-modified hematite is
based on the same substrate and can be applied for the
evaluation of the surface TiO, modification. After ALD growth
of ultrathin TiO,, the hematite substrate was subjected to
annealing in ambient air at 500 °C for 30 min before it was
fashioned into a photoelectrode. As schematically shown in
Figure 1, all photoelectrochemical and electrochemical data
presented in this paper were collected in a three-electrode
configuration, where hematite was the working electrode, a Pt
wire was the counter electrode and a Hg/HgO electrode (in 1
M NaOH) was the reference electrode.

It has been established by our previous research that the
average growth rate of TiO, by ALD was 0.4 A /cycle.*® The
nominal thickness of TiO, by 1, 20 and 50 cycles of ALD was
estimated as 0.04, 0.8 and 2 nm, respectively. Films thinner
than 1 nm are not expected to make a continuous coverage.
Yet, the effect on the PEC performance was clear, as shown in
Figure 2, with up to 100 mV cathodic shift in V. If we define
V., as the potential at which 0.02 mA/cm?* current density is
first measured,'® V,’s for hematite treated with 0.04, 0.8 and 2
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Figure 2. ]-V plots of hematite with and without TiO, decorations in
1.0 M NaOH aqueous electrolyte (scan rate 20 mV/s) under
simulated solar illumination (AM 1.5, 100 mW/cm?). For comparison,
the polarization curve of bare hematite without illumination is

included (labeled as dark).

nm TiO, are 0.92, 0.88 and 0.94 V, respectively, showing
obvious cathodic shift compared with 1.00 V for bare hematite.
To confirm that the observed cathodic shift is not merely a
result of a postgrowth annealing effect, we characterized
hematite photoelectrodes subjected to identical annealing
treatments but without TiO, overlayer. No measurable cathodic
shift was observed. In addition, the ultrathin TiO, decoration
also increased the photocurrent densities to 0.821, 1.014 and
0.918 mA/cm” at 1.4 V (vs RHE), respectively, corresponding
to 6%, 31% and 18% improvement compared to 0.775 mA/cm*
of bare hematite at the same potential. (Notice: 1%
improvement was obtained at 1.6 V vs RHE by one single
ALD layer treatment, which is lower than the average error of
2% and should not be overinterpreted in Figure S1 and Table
S1 (Supporting Information). Careful and systematic analysis of
the result is highly suggested before drawing a conclusion.””*®)
The observed difference, as small as 1%, has been consistently
measured on five batches of difference samples, showing that
the performance improvement by TiO, modification is highly
reproducible. The improvement by ultrathin TiO, decoration
was also confirmed by incident-photon-to-charge efficiency
(IPCE) measurements on 0.8 nm TiO,-decorated hematite and
bare hematite photoelectrodes (Figure 3). It was observed that
the IPCE was enhanced in the short wavelength range between
280 to 480 nm for the TiO,-decorated sample, which is
possibly due to the holes generated from two difference optical
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Figure 3. IPCE for TiO, (0.8 nm) decorated hematite and bare
hematite sample measured under 1.23 V vs RHE in 1.0 M NaOH
aqueous electrolyte.

bands of hematite reported by Cherepy et al.** and Braun et
al,* respectively. The peak value of IPCE on a TiO,-decorated
sample can be as high as 20.1% at 370 nm, whereas only 14.6%
was measured on bare hematite at the same wavelength. It is
worth noting that the TiO,-passivated hematite exhibited IPCE
enhancements between 400 and 480 nm, whereas the IPCE of
TiO, photoanode drops close to zero above 380 nm.*® The
result supports that the increased photocurrent is not due to
photoresponse of TiO,. Absorbed-photon-to-charge conversion
efficiency (APCE) measurements shown in Figure S2
(Supporting Information) suggest that the photocurrent
increase is not a result of better light absorption either.

The existence of Ti on the surface of hematite was confirmed
by X-ray photoelectron spectroscopy (XPS, Figure S3 in the
Supporting Information). The binding energies of the Ti were
458.5 and 464.3 eV for Ti 2p, , and Ti 2p;,, respectively, close
to the values for Ti*" rather than Ti*".* TiO, control samples
of the same growth condition but without hematite were
investigated electrochemically, and the results allowed us to rule
out the possibility that the increased current is a simple
superimposition of TiO, and hematite (Figure S4 in the
Supporting Information).

The PEC performance increase by TiO,-decorated hematite
may be ascribed to the following reasons: (1) increased light
absorption from TiO,, (2) catalytic properties of TiO, that
facilitate charge transfer, (3) surface doping effect of Ti and (4)
increased minority carrier density in the body of hematite. As
discussed above, optical absorption experiments and APCE
measurements help rule out the possibility that better light
absorption due to TiO, decoration was the reason for the
improved performance (Figure S2 in the Supporting
Information). Next, we use electrochemical impedance spec-
troscopy (EIS) to quantitatively study charge transfer character-
istics of hematite with and without TiO, coating.

The impedance data are presented in the form of Nyquist
plots in Figure 4. For the measurements in the dark, 1.7 V was
chosen because the depletion region of hematite is well
developed at this potential. With illumination, an applied
potential of 1.1 V was sufficient to drive charge separation,
where photocurrents of 0.19 and 0.34 mA/ cm? were measured
for bare and TiO,-modified hematite samples, respectively. It
can be seen from Figure 4 that the impedance changes due to
the introduction of the ultrathin TiO, layer are insignificant and
would not be sufficient to account for the PEC performance
difference observed in Figure 2. Upon fitting with equivalent
circuit as shown in Figure S5 (Supporting Information),'>* the
results (in Tables S2 and S3, Supporting Information) showed
that the charge transfer resistance (Rp;) increased 2.7—3.2
times with the addition of TiO, surface decoration in dark
conditions; changes in Rp; under illumination were insignif-
icant. We also note that the surface state capacitance (Cgg)
decreased to 20% and 45% under dark and illumination
conditions, respectively, when TiO, decoration was present.
(We also noticed that there are some other kind of equivalent
circuits could be used for the simulation of the hematite
photoanode.’®) The result is different from the significant
reduction of the charge transfer resistance when a Co—Pi or
Co;0, catalyst is applied on hematite.>>**> This suggests that
the TiO, layer does not function as an electrocatalyst.

To further support this understanding, we obtained the Tafel
plots of bare hematite, hematite decorated by ultrathin TiO,
and TiO, itself in the linear region of 107°—107" mA/cm® A
Tafel plot is popularly used to represent kinetic behaviors of the

dx.doi.org/10.1021/am500948t | ACS Appl. Mater. Interfaces 2014, 6, 12005—12011



ACS Applied Materials & Interfaces

Research Article

200 | 1.7V, dark (a)
NEGOO o
o 21 Hz
]
= . e+, Fe204TiO2
Nsoof .ol
..l'l - } - -.. C.
- 46Hz %
/ Fe20s3 } 1
0} 1 Hz
1 1 1 1
0 300 600 900
Z' (Q-cm?)

600
1.1V, light (b)
~400
£
o
3 5 Hz
R 200k s .F:e203/T|Oz
o LU R R
80 H (3 "a%e
Z 3 Hz Fe:0 .
~ €203 1Hz
(1] 8 46 Hz
1 1 1
0 200 400 600
7' (Q-cm?)

Figure 4. Nyquist plots of bare and TiO, (0.8 nm) passivated hematite photoelectrodes measured under different conditions: (a) at 1.7 V in dark;

(b) at 1.1 V in light.

more general Butler—Volmer relationship that describes
current—voltage characteristics of electrodes.®* Under ideal
conditions, a photoelectrode may be modeled as a photovoltaic
coupled with an electrocatalyst, which is analogous to a metallic
electrode, when the surface reaction is the rate-limiting step. In
the studied potential range (1.5-1.7 V vs RHE), these
photoanodes are reasonably conductive, allowing us to study
the kinetic behavior on the hematite electrodes in a qualitative
manner. As can be seen in Figure S, all samples exhibited
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Figure S. Tafel plots for TiO,, bare and TiO, (0.8 nm) decorated
hematite electrodes in 1.0 M NaOH aqueous electrolyte under dark
conditions.

comparable slopes of 71 mV/decade, 73 mV/decade and 71
mV/decade, respectively, indicating that there is no obvious
change of surface reaction kinetics after TiO, treatment. It is
noted that all data in Figure 5 were measured in the dark. The
current densities of TiO, were higher than those of electrodes
consisting of Fe,O;, presumably because a thicker hematite
would require greater bias due to its greater electrical resistance.
The Tafel slopes reported here are consistent with a two-
dimensional Fe,0; photoanode (74.9 mV/decade),® slightly
higher than 50—60 mV/decade on ultrathin TiO, films
reported by Scheuermann et al.*® The data also agree with
the Tafel behavior expected for oxygen evolution reaction when
the rate limiting chemical step is a reversible one-electron
transfer process.”” Although the actual oxygen evolution
reaction on the electrodes is more complex due to the four
electron transfer nature of the reaction, the general Tafel slope
of ca. 40 mV/decade is expected for the rate-determining step
of oxidation of an OH surface species in the low overpotential
region.*** The discrepancy of our measured slopes, as well

12008

those in the above-cited reports, may be caused by a number of
reasons. For instance, the assumption of a symmetric transfer
coefficient of 0.5 may not be valid;** the surface roughness was
not taken in account; the film thickness may have played a role,
too. The data nonetheless highlight that ultrathin TiO, does
not function as an electrocatalyst.

The possibility that Ti*" may dope the surface of hematite is
considered next. It is indeed an important concern because Ti
has been reported as an effective doping species that helps
improve the performance of hematite by increasing the carrier
concentration.”>*"** The doping effect, however, is expected to
be a function of temperature, as a greater Ti incorporation
would result from higher annealing temperatures. Although the
performance of TiO,-decorated hematite was found to indeed
increase when the annealing temperature increased from 400 to
500 °C, it decreased when the annealing temperature was
further increased to 600 °C (see Figure S5, Supporting
Information). The trend is in contrast to the report by Franking
et al,, in which hematite nanowires were treated by drop-casted
Ti(OBu),” In that report, the authors found that the
annealing temperature of 650—700 °C gave rise to the highest
photoactivity. Additionally, the increased charge transfer
resistance Rp; (Table S2, Supporting Information) and the
negative V_ shift of the TiO, treated hematite before annealing
(blue curve in Figure SS, Supporting Information) indicated
that the surface doping effect should not be the main reason for
this improvement. Nevertheless, extensive research is needed to
further rule out potential doping effect exerted by the TiO,
capping layer.

We therefore hypothesize that the performance improvement
as shown in Figure 2 is a result of surface photovoltage increase.
In other words, the TiO, decoration layer acts as a passivation
layer to change the hematite—electrolyte interface for a lesser
degree of surface recombination and a greater degree of band
bending within hematite. The net effect is greater photovoltage,
which could be measured by probing the photovoltage under
open-circuit conditions.”®** As shown in Figure 6, bare
hematite exhibited equilibrium potentials of 0.85 V in the
dark and 0.62 V under illumination, respectively, corresponding
to a 0.23 V photovoltage. The addition of TiO, (0.8 nm)
increased the equilibrium potential in the dark to 0.92 V and
maintained the illuminated open-circuit potential of 0.63 V,
yielding a 0.29 V photovoltage. The difference is quantitatively
consistent with that observed in Figure 2. In addition, the
control electrode with ultrathin TiO, layer exhibited a
negligible photovoltage of 5 mV, further confirming that the
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Figure 6. Photovoltage response of hematite photoelectrodes with and
without 0.8 nm TiO, modification. The bare TiO, on substrate is
shown as a control photoelectrode.

improvement was not a simple combination of hematite and
TiO,.

To support the hypothesis of the photovoltage increase by
surface state passivation effect, transient photocurrent measure-
ment was carried out. In Figure 7, both bare and TiO,-modified
hematite electrodes were studied under a constant bias of 1.1,
1.23 and 1.5 V (vs RHE), respectively. When the light was
turned on and off, sharp current spikes were observed, followed
by decay to plateau current densities. Compared with data
obtained on bare hematite, the integrated area under the
current spikes of TiO,-decorated hematite samples were
smaller. The feature is consistent with that obtained on
Al,O;-passivated hematite."” It is important to note that Sivula
et al. have previously studied ALD-grown TiO, as a surface
passivation layer but did not report cathodic shift of the turn-on
voltages. We suspect the difference in the growth conditions
(200 °C for ref 17 and 275 °C for this work), as well as
postgrowth annealing conditions (300 and 400 °C for 20 min
for ref 17 and 400—600 °C for 30 min for this work), may be
responsible for the device performance differences. Compared
with group 13 metal oxides as passivation materials,"”'® TiO,
exhibited promising thermodynamic stability under illumina-
tion in a wide pH range. Lastly, we note that the PEC
performance improvement was also observed in neutral and
acidic solutions (Figures S7 and S8, Supporting Information).

B CONCLUSION

In conclusion, we successfully passivated a hematite surface
with an ultrathin TiO, layer by ALD. The TiO,-passivated
photoanodes showed improved photoelectrochemical perform-
ance for water oxidation. A layer of coating as thin as 0.04 nm
was shown to reduce the negative influence by surface states.
The photovoltage measurements support that the performance
improvement was due to increased photovoltage generation.
However, the surface states on hematite are large even after the
surface passivation by TiO,, showing that more and detailed
work is needed for further understanding of the charge
recombination behavior at the hematite-electrolyte interface.
During the external review of the work, other studies by us and
others also showed the significance to reduce/alternate the
surface state of hematite, which is regarded as a key challenge
during PEC water splitting.**** The treatment of photo-
electrodes using ultrathin passivation layers by ALD is expected
to find broad applications in the development of stable and
high-performing photoelectrode materials for practical solar
water splitting.

B ASSOCIATED CONTENT

© Supporting Information

J—V curves, UV—vis absorption and APCE plots, XPS results,
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