PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
= standard Terms & Conditions and the Ethical guidelines still

‘z?@ﬁs&é%: apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 16 Physical Chemistry Chemical Physics

Sol-Flame Synthesis of Cobalt-doped TiO, Nanowires with
Enhanced Electrocatalytic Activity for Oxygen Evolution Reaction

Lili Cai', In Sun Cho', Manca Logar*?, Apurva Mehta®, Jiajun He*, Chi Hwan Lee?, Pratap M. Rao’,
Yunzhe Feng®, Jennifer Wilcox®, Fritz B. Prinz*, Xiaolin Zheng"*

!Department of Mechanical Engineering, Stanford University, California 94305, United States
Advanced Materials Department, Jozef Stefan Institute, 1000 Ljubljana, Slovenia

3Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator Laboratory, Menlo Park,
California 94025, United States

*Department of Energy Resources Engineering, Stanford University, California 94305, United States
>Department of Materials Science and Engineering, Stanford University, California 94305, United States

* Corresponding author. E-mail: xlzheng@stanford.edu

Cobalt precursor

coating@TiO, NWs Ti0,:CoNWs

Flame
annealing

[ el

Controllable doping of TiO, nanowires with cobalt using sol-flame method, which achieves significantly
enhanced electrocatalytic activity for oxygen evolution reactions.

J(mA/cm?)

15 2 25 3
Potential (Vgye)

Abstract

Doping nanowires (NWSs) is of crucial importance for a range of applications due to the unique
properties arising from both impurities incorporation and nanoscale dimensions. However, existing
doping methods face the challenge of simultaneous control over the morphology, crystallinity, dopant
distribution and concentration at the nanometer scale. Here, we present a controllable and reliable
method, which combines versatile solution phase chemistry and rapid flame annealing process (sol-
flame), to dope TiO, NWs with cobalt (Co). The sol-flame doping method not only preserves the
morphology and crystallinity of the TiO, NWs, but also allows fine control over the Co dopant profile
by varying the concentration of Co precursor solution. Characterizations of the TiO,:Co NWs show that
Co dopants exhibit 2+ oxidation state and substitutionally occupy Ti sites in the TiO, lattice. The Co
dopant concentration significantly affects the oxygen evolution reaction (OER) activity of TiO,:Co NWs,
and the TiO,:Co NWs with 12 at.% of Co on the surface show the highest OER activity with a 0.76 V
reduction of the overpotential with respect to undoped TiO, NWSs. This enhancement of OER activity for
TiO,:Co NWs are attributed to both improved surface charge transfer kinetics and increased bulk
conductivity.
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Introduction

Doping, or intentional incorporation of impurities, is a fundamental method to modify the electronic,'?
chemical,” ° optical® " and magnetic®® properties of host materials. Doping materials has impacted a
range of applications, such as solar cells, transistors, integrated circuits, photocatalysis, bioimaging,
light-emitting diodes and spintronics. Doping nanowires (NWSs) can lead to unique properties arising
from their nanoscale dimensions,"*** but it faces the challenge of simultaneous control over the
morphology, crystallinity, dopant distribution and concentration at the nanometer scale. Existing doping
methods for nanostructured materials can be broadly categorized into in-situ and ex-situ methods. In-situ
doping methods incorporate dopants during the material growth by methods such as solid-state mixing,**
1% sol-gel, ™ hydrothermal,?®>?* sputtering®?® and solution-combustion.?® # The in-situ doping
methods have the following advantages: 1) flexible choice of dopant materials, 2) easy control of dopant
precursor concentrations, and 3) simplicity in that no additional doping steps are required. Nevertheless,
in-situ doping methods face challenges when doping NWs since dopants will inevitably affect the
nucleation and anisotropic growth processes of NWs, leading to differing morphology and crystallinity
or no formation of NWSs.?® On the other hand, the ex-situ doping methods incorporate dopants as a post-
processing step by methods such as ion implantation®>! and diffusion.® ** However, ion implantation is
a directional doping method and it is difficult to conformally dope large aspect ratio NWs. Existing
diffusion methods require special dopant precursors that limit the choice of dopant materials and
frequently require capping layers that are difficult and expensive to implement on top of NWs.

Recently, we have developed a new ex-situ sol-flame doping method, which uses high temperature
flame to rapidly anneal dopant precursor coated metal oxide NWs to enable doping.®® The high flame
temperature (about 1100 °C or above) enables rapid dopant precursor decomposition and dopant
diffusion into the host NWs, and also leads to high concentration of dopant incorporation. The rapid
heating rate of the NWs over the flame (heating up to 1100 °C in a few seconds), due to the large
convective and radiative heat transfer from the burned gas in flame, minimizes the required residence
time to reach the high temperature for the dopant diffusion, preventing changes in their morphology and
crystallinity. The rapid cooling rate of the NWs when they are abruptly removed from the flame freezes
the dopant in the lattice. The sol-flame method is a general method to dope metal oxide NWs with
various different transition metals without any specific requirements on the morphology and preparation
method of the NWSs.** Further broad application of the sol-flame doping method requires the ability to
control the dopant concentration and the fundamental understanding of the oxidation state and local
environment of the dopant.

In this study, we select cobalt-doped TiO;, (TiO,:Co) NWs as a model system and investigate the
influence of the cobalt (Co) concentration in the precursor solution on the Co dopant profile in TiO,:Co
NWs. We also employ various characterization methods to analyze the oxidation state and location of
the Co dopant inside the TiO, NWs. Finally, we study the effect of Co doping concentration on the
electrocatalytic activity of the TiO,:Co NWs towards the oxygen evolution reaction (OER), which is an
important reaction for electrochemical and photoelectrochemical water splitting.>* * We found that
there is an optimal amount of Co?* dopant for improving the OER activity, and our controllable sol-
flame method has enabled us to study this effect. More importantly, the Co?* dopants in TiO, NWs are
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more effective than the surface deposition of Co30,4 nanoparticles (NPs) in increasing the OER activity
of TiO, because the Co®" dopants not only have similar surface charge transfer kinetics as the Cos0,
NPs but also increase the bulk TiO, electrical conductivity.

Results and discussion

The TiO2:Co NWs are prepared by the ex-situ sol-flame doping method® as illustrated in Figure 1. First,
rutile TiO, NWs with an average length of 2.5 um and diameter of 100 nm are grown on fluorine-doped
tin oxide (FTO) glass substrates by the hydrothermal method® (see Methods section). Next, the TiO,
NWs are dip-coated with the Co precursor solution and then air dried, leaving a uniform Co precursor
film on the surface of the TiO, NWs. Finally, the Co precursor-coated TiO, NWs are annealed over a
stoichiometric CHa/air premixed flame at 1100 °C for 2 min,*"* which results in the decomposition of
the Co precursor and rapid thermal diffusion of Co ions into the TiO, NW lattice, forming TiO,:Co NWs.
With this sol-flame doping method, we vary the concentration of the Co precursor solution from 0.01 M
to 0.2 M to prepare a range of TiO,:Co NW samples, named as TiO,:Co_x, for which x (0.01 - 0.2)
corresponds to the initial Co precursor concentration. Our objective is to investigate the ability of the
sol-flame method to control the dopant profile.

First, we study the morphology and crystallinity of the TiO,:Co NWSs. The morphology and crystal
structure of TiO,:Co NWs are examined by scanning electron microscopy (SEM) and x-ray diffraction
(XRD). The SEM images show that the TiO,:Co NWs (Figure 2a) have nearly identical morphology as
the undoped TiO, NWs (Figure 2b), demonstrating the benefit of the sol-flame method in preserving the
morphology of TiO, NWSs. The XRD spectra of the TiO,:Co_x (x = 0.01, 0.03 and 0.2) NWs are
compared with that of undoped TiO, NWs, a reference Co3O4 film sample and FTO substrate (Figure
2¢). The reference Co3z04 film sample is prepared by drop-casting the same 0.03 M Co precursor
solution onto a FTO substrate and subsequently annealing it over the flame under identical conditions as
the TiO,:Co NWs. The reference Coz0,4 film sample mimics the case in which the Co ions in the Co
precursor shell do not diffuse into the TiO, NWs during flame annealing, but rather form a Co3O4 film
on the NW surface. The XRD patterns in Figure 2c clearly show that the three TiO,:Co_x (x = 0.01,
0.03 and 0.2) NW samples have peaks that are identical to those of the undoped rutile TiO, NWs and
have no peaks that overlap with those of the reference Co3zO,4 film sample. These results suggest that the
sol-flame method neither modifies the crystallinity of the TiO, NWs nor forms detectable amounts of
crystalline Co30, particles or films on the TiO, NW surface.

The surface and the lattice spacing of the TiO,:Co NWs are further examined in detail by transmission
electron microscopy (TEM). The low magnification TEM images show that all the TiO,:Co_x NWs (x =
0.01 - 0.2) (Figure 3b-e) have similar shape as the undoped TiO, NW (Figure 3a). The high resolution
TEM images show that all the TiO2:Co_x NWs (x = 0.01 - 0.2) (Figure 3b-e) are crystalline with the
same lattice spacing as the undoped rutile TiO, NW (Figure 3a), implying that the Co dopants do not
significantly distort the lattice of TiO, due to the similar radius of Co ion and Ti ion.*® However,
TiO,:Co NWs with different Co precursor concentrations exhibit different surface characteristics. For

low Co precursor concentration, the surfaces of TiO,:Co_0.01 NW (Figure 3b), TiO,:Co_0.03 NW
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(Figure 3c) and TiO,:Co_0.05 NW (Figure 3d) are relatively smooth and similar to the undoped TiO;
NW (Figure 3a). With high Co precursor concentration, the surface of TiO,:Co_0.2 NW (Figure 2e) is
sparsely decorated with small NPs of 5 nm in diameter or less, and the electron diffraction pattern of
these NPs (Figure 3K) shows that they are cubic Co3O4. The formation of surface CozO, NPs can be
ascribed to the saturation of Co dopants in the bulk of TiO, NWs and the precipitation of excess cobalt
on the NW surface. Finally, to illustrate the advantages of flame annealing for doping NWs, we also
annealed the same Co precursor-coated TiO, NWs at low temperature (350°C) in a furnace for 1 hr. In
comparison, with low temperature and long time furnace annealing, the Co precursor, regardless of their
concentrations, does not diffuse into the TiO; lattice, but rather forms Co3;O4 NPs of 10 nm in diameter
or larger on the TiO, NW surface (Figure 3l and 3m). This comparison between the flame annealing
(Figure 3c and 3e) and furnace annealing (Figure 3l and 3m) clearly illustrates that the high flame
temperature (1100 °C for 2 minutes) effectively enables the rapid dopant precursor decomposition and
dopant diffusion into the host NWs.

Next, we investigate the controllability of the Co dopant profile. The Co dopant spatial distribution
along the TiO,:Co NW diameter is measured by energy dispersive spectroscopy (EDS) mapping and
electron energy loss spectroscopy (EELS) spectra. The EDS elemental mapping analysis (Figure 3f) of
TiO,:Co NW clearly shows that Co is doped over the entire TiO, NW. The EELS measurements show
that the radial doping profiles of Co dopant in all the TiO,:Co NWs have a Gaussian-like shape with
higher Co concentration on the surface (Figure 3g-3j), indicating that the Co distribution is caused by a
radial thermal diffusion process. In addition, the surface and overall Co dopant concentrations clearly
increase with increasing the Co precursor concentration (Figure 3n), which demonstrates that the doping
profile can be readily controlled through the concentration of the dopant precursor solution with our sol-
flame doping method. For TiO,:Co_0.2 NW (Figure 3j), the Co dopant concentration abruptly decreases
from 35 at.% to 20 at.% within the top 5 nm of the NW surface and then gradually decreases along the
radial direction of the NW. The sharp dopant concentration change near the top 5 nm surface is
consistent with the observed additional Co304 NP formation on the NW surface for high Co precursor
concentration as shown in the TEM image in Figure 3e. The Co concentration of 20 at.% in the sub-
layer beneath the precipitates of TiO,:Co_0.2 NW (Figure 3j) is about the same as the 18 at.% Co on the
surface of TiO,:Co_0.05 NW (Figure 3i), which suggests that the doping limit of Co dopant is about
18~20 at.% in the TiO, NW via the sol-flame method. The doping limit of 18~20 at.% is considerably
higher than the previously reported doping limit of about 12 at.% for TiO,:Co by other doping
methods.**** The higher doping limit by the sol-flame method is due to the high temperature of flame
and the rapid cooling rate (~800 K/min) caused by abrupt removal of NWs from the flame, which
quenches the diffusion of dopants in the host TiO, lattice and prevents them from precipitation during
the cooling process.

Then, we analyze the oxidation states and local environment of the Co dopant in the TiO, NWs. The
oxidation states of Co near the surface of TiO,:Co NWSs are characterized by X-ray photoelectron
spectroscopy (XPS). As shown in Figure 4a, the Co 2ps;, peak positions for TiO,:Co_0.2 NWs and
Ti0,:Co_0.03 NWs are at 780.1 and 779.7 eV, respectively, which are 0.6 and 0.2 eV higher than that of
779.5 eV for the reference Coz04 film (the same one used for XRD shown in Figure 2c¢). Similar up-
shifting is also observed for the Co 2p;; peak positions and the amount of peak energy shift increases
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with increasing Co dopant concentration. It should be noted that the Co3s04 NPs only slightly cover the
surface of TiO,:Co_0.2 NWs as revealed by the TEM (Figure 3e), so most of the XPS signal comes
from the doped Co near the top 10 nm layer of the TiO,:Co NWs. The shifting of both Co 2p3/, and 2py,
peaks towards higher binding energy reveals that the chemical state of Co near the surface of TiO,:Co
NWs is different from that of reference Co30, film, and the Co 2p peak positions for TiO,:Co_0.2 NWs
actually match with those for CoO reported by Ref ** *°. Hence, the XPS analysis suggests that the
oxidation state of the Co dopant near the surface of TiO,:Co NWs is primarily 2+ with possible small
amount of 3+. To further understand the oxidation states of Co dopants in the entire volume of the
TiO,:Co NWs, the Co K-edge X-ray absorption near edge structure (XANES) spectra are measured for
the TiO2:Co_x (x = 0.01 - 0.2) NWs and further compared with the spectra of various Co-containing
reference materials, including Co metal, Co304, CoO*® and ion-implanted Co-doped rutile TiO, (110)
(Implanted_TiO,:Co, for which the oxidation state of Co was reported to be 2+)*’ (Figure 4b). Both the
XANES spectral shape and edge position of the TiO,:Co x (x = 0.01 - 0.2) NWs are significantly
different from those of Co and Co304, but they resemble those of the ion-implanted TiO,:Co and CoO
references, which supports the XPS analysis in that the oxidation state of the Co dopant in the TiO,:Co
NWs is primarily 2+. The local environment of the Co dopant is further studied by analyzing the Co K-
edge extended X-ray absorption fine structure (EXAFS) for the TiO,:Co_x (x = 0.01 - 0.2) NWs (Figure
4c). The experimentally measured Co K-edge EXAFS data are fitted by assuming that Co substitutes the
Ti site in the rutile TiO, model in which each Ti is surrounded by six O atoms with two distinct bond
lengths in the first shell and two Ti atoms in the second shell. The peak modeled from the scattering by
the first O shell fits well to the first peak of the measured Fourier transformed (FT) EXAFS data.
However, the second peak of the measured FT-EXAFS data cannot be fitted well by the assumption of
two Ti atoms in the second shell. Inclusion of additional Ti atoms in the second shell greatly improves
the quality of the fit (Figure 4c). These additional Ti atoms in the second shell probably come from the
Co-substituted Ti atoms that are now occupying the interstitial sites. In addition, the structural
parameters extracted from the fitting (Table S1) show that the total number of O coordinated to Co in
the first shell is smaller than six for the TiO,:Co NWs, suggesting that there are some oxygen vacancies
near the Co dopants. EELS measurement was further conducted to verify the existence of oxygen
vacancies in the TiO,:Co NWs (Table S2). The O/(Ti+Co) ratios measured by EELS for TiO,:Co_0.03
and TiO2:Co_0.2 NWs are 1.97 and 1.88, respectively, corresponding to 1.5% and 6% oxygen vacancies.
Hence, we conclude that the Co ions are substitutionally doped into the octahedral Ti sites in the rutile
TiO, lattice, and the Co ions push the Co-substituted Ti into the interstitial sites and generate small
amount of oxygen vacancies near the Co dopants.

The effect of Co doping on the electrocatalytic activity of TiO, NWs for the OER is investigated using
the cyclic voltammetry (CV) measurement. Figure 5a shows the anodic-going sweep of typical CV
cycles for TiO,:Co_x (x = 0.01 - 0.2) and undoped TiO, NWs. Compared to undoped TiO, NWs, all the
TiO,:Co NWs show significantly enhanced OER activity as evidenced by the much higher current
density at a given potential in the range of 1.8 to 3 V vs. RHE. The overpotentials for undoped TiO, and
different TiO2:Co NWs to reach current density of 0.1 mA/cm? are further compared in Figure 5b. All
the TiO,:Co NWs exhibit lower overpotentials than the undoped TiO, NWs. The similar overpotential
for TiO,:Co_x (x > 0.05) NWs is probably due to the fact they have very similar dopant concentration

distribution (~ 10 at.% in the bulk and 20 at.% on the surface) and similar impurity phase (Co3O4 NPSs)
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on the surface. The lowest overpotential of 0.72 V (highest OER activity) is achieved by the
TiO,:Co_0.03 NWs (12 at.% of Co on the surface), which is 0.76 V lower than the overpotential of 1.48
V for undoped TiO, NWs. To gain more insight on the enhanced OER activity of TiO, by Co doping,
Tafel plots are plotted in Figure 5¢. The exchange current densities of TiO,:Co NWs, determined as the
extrapolated x-intercept of the Tafel plot, are about 1 - 3 orders of magnitude higher than that of the
undoped TiO, NWs, suggesting that TiO,:Co NWSs have much more facile charge transfer kinetics on
the surface than undoped TiO, NWs.**! The observed higher exchange current densities of TiO,:Co
NWs cannot be attributed to the change in the surface area, since the specific surface areas of the
undoped TiO, and TiO,:Co NWs measured by the Brunauer—-Emmett—Teller (BET) method using
nitrogen as probe gas are in the same order of magnitude (Table S3). Instead, the increased surface
activity towards the OER by substitutional doping of transition metals on the surface of TiO,, according
to the theoretical density functional theory calculations, comes from the surface states and surface
resonance states localized on the dopants that enhance the binding strength between the intermediate
adsorbates and the doped TiO, surface.’® ** On the other hand, doping also modifies the electrical
conductivity of TiO,, which strongly affects the overpotential for the OER. The conductivity
measurement of a single NW clearly shows that Co doping increases the conductivity of TiO, NWs by
about five orders of magnitude (Figure 5d). Hence, doping TiO, NWs with Co improves both surface
charge transfer kinetics and bulk electrical conductivity, leading to enhanced OER activity for TiO,:Co
NWs. Finally, when the TiO,:Co NWs are used as photoanodes for the photoelectrochemical (PEC)
water splitting system, the onset potential shows a cathodic shift of 100 ~ 150 mV (Figure 6).

The OER activity of the TiO,:Co NWs are further compared with the as-grown TiO, NWs that are
decorated with Co3O4 NP electrocatalysts on the surface (Cos0,@TiO,), and such comparison is aimed
to differentiate and compare the roles of Co®* dopant and Co3O, surface catalyst on affecting the OER
activity. The control CozO,@TiO, NWs were prepared by annealing Co precursor-coated TiO, NWs at
low temperature (350°C) in a furnace for 1 hr. As shown in Figure 5b, the Co30,@TiO, NWs exhibit
larger overpotential than the optimal TiO,:Co_0.03 NWs, which suggests that the Co** dopants are more
effective than Co3O04 NPs in enhancing the OER activity. In addition, when we further decorated the
optimal TiO,:Co_0.03 NWs with additional Co3O4 NPs (noted as Co30,@TiO,:Co), it does not change
the overpotential for OER (Figure 5b). Since the only difference between TiO,:Co_0.03 and
C030,4@TiO,:Co is their surface composition, it indicates that the TiO,:Co surface has similar surface
charge transfer kinetics as the Co30, NPs. Hence, the better OER activity observed for the
TiO,:Co_0.03 NWs (doping), in comparison to Co3O4 NPs decorated TiO, NWs (surface modification
only), comes from the conductivity improvement by doping.

Conclusions

In summary, we present a controllable and reliable sol-flame doping method for the synthesis of
TiO,:Co NWs that exhibit significantly enhanced electrocatalytic activity for the OER as compared to
undoped TiO, NWs. The sol-flame doping method allows fine control over the Co dopant profile by
varying the concentration of Co precursor solution while preserving the morphology and crystallinity of
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host TiO, NWs. Characterizations of the TiO2:Co NWs show that Co dopants exhibit 2+ oxidation state
and substitutionally occupy the Ti sites in the TiO; lattice. The TiO,:Co NWs exhibit enhanced and
dopant concentration dependent OER activity and PEC performance. The TiO,:Co NWs with 12 at.% of
Co on the surface (averaged 5 at.% in the bulk) shows the highest electrocatalytic activity for the OER,
which reduces the overpotential by 760 mV with respect to the undoped TiO, NWSs. The TiO,:Co NWs
also exhibit a cathodic shift of about 100 ~ 150 mV for the onset potential when used as phototoanodes
for the PEC water-splitting system. The significant OER overpotential reduction and cathodic shift of
the onset potential for TiO.:Co NWSs come from two factors: 1) the Co** dopant improves the surface
charge transfer kinetics and is as effective as the Cos04 NPs; and 2) the Co** dopant also significantly
increases the bulk electrical conductivity of TiO,. With the demonstrated controllability, we believe that
the sol-flame doping method will be a general and promising technique for effective doping of diverse
nanostructured materials.
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Methods

Synthesis of rutile TiO, NW arrays. The rutile TiO, NW arrays were synthesized on TiO, seed layer
coated FTO (fluorine-doped tin oxide) substrates using the hydrothermal method, the details of which
were reported in our previous work.®* % Briefly for a typical synthesis, 0.6 ml of titanium (IV) butoxide
(Aldrich Chemicals, 97%) was added into 50 ml of an aqueous HCI solution (25 ml of deionized (DI)
water + 25 ml of concentrated HCI (38%)) under magnetic stirring. After stirring for 5 min, the solution
was poured into a Teflon-lined stainless steel autoclave (100 ml capacity) and pieces of the TiO, seed
layer coated FTO substrates, which have been cleaned for 10 min using an ultrasonicator in a mixed
solution of DI water, acetone and iso-propanol, were immersed in the solution. The autoclave was sealed
and heated to 170 °C in an oven, held at 170 °C for 6 h and then cooled to room temperature naturally.
The obtained samples were washed with DI water and finally annealed at 450 °C for 1 h in air.

Preparation of cobalt precursor solution. The cobalt precursor solutions were prepared by dissolving
cobalt acetate tetrahydrate (Co(CH3COQ),-4H,0, 99%, Sigma-Aldrich Chemicals) into 10 mL 2-
methoxyethanol (C3HgO,, >99%, Acros Organics) and followed by sonication for 30 mins. The
concentration of cobalt acetate tetrahydrate was varied between 0.01 - 0.2 M.

Dip-coating. The TiO, NWs on FTO substrates were vertically dipped into the Co precursor solution,
kept in the solution for 15 sec and then withdrawn vertically at a constant speed of 1 mm/sec. Finally,
the coated TiO, NWs were dried in air to remove excess solvent.
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Flame annealing. The flame annealing was conducted using a 6-cm diameter co-flow premixed flat
flame burner (McKenna Burner) which operates on premixed CHy (fuel) and air (oxidizer).*”* The flow
rates of CH, and air were 2.05 and 19.52 SLPM, respectively, yielding an overall fuel/oxygen
equivalence ratio of ® = 1. The Co precursor-coated TiO, NW sample was inserted into the post-flame
region at a height of 2.5 cm above the flame front. After 2 min annealing, the sample was abruptly
removed from the post-flame region and cooled to room temperature in ambient environment. The flame
annealing temperature was measured to be about 1100 °C by a K-type thermocouple (1/16 in. bead size,
Omega Engineering, Inc.).

Material Characterization. The morphologies of doped and undoped TiO, NWs were examined using
scanning electron microscopy (SEM, FEI Sirion XL30, 5 kV) and transmission electron microscopy
(TEM, FEI Tecnai G2 F20 X-TWIN FEG, 200 kV). The phase and crystallinity were examined using
parallel beam X-ray diffraction (XRD, PANalytical XPert 2, 45 kV, 40 mA). The dopant distribution
and concentration were examined using an energy dispersive X-ray spectrometer (EDS) and an electron
energy loss spectrometer (EELS) equipped in the TEM. The EELS spectra were collected with an
energy resolution of 1.0+0.2eV at a dispersion of 0.5eV per channel, a convergence semi-angle of 9.6
mrad and collection semi-angle of 24. The spectra were acquired across the NW diameter using a line
profile feature in Tecnai imaging and Analysis (TIA) software. During the experiment, the incident
electron beam was perpendicular to the TiO, NW. A new spectrum was collected every 3 nm. EELs data
were post processed in Digital micrograph. The background of the spectra was subtracted using the
Power-law model. The spectrum processing for elemental quantification was performed with Digital
Micrograph EELS analysis. The quantification of the Co dopant element in the TiO, NW was carried
out via Hatree-Slater for Co and Ti edges. The chemical state of the Co dopant was examined by X-ray
photoelectron spectroscopy (XPS, SSI S-Probe, Al-ka, 1486 ¢V, 150 x 800 um spot) with binding
energies referenced to adventitious carbon at 284.6 eV. The local environment of Co dopant was
examined by X-ray adsorption spectroscopy (XAS) collected using the fluorescence mode on Beamline
11-2 at Stanford Synchrotron Radiation Lightsource (SSRL). Fitting of EXAFS data was performed
using SIXPACK and FEFF analysis software.

Electrochemical and Photoelectrochemical (PEC) characterization. The electrochemical and PEC
measurements were carried out using a potentiostat (Model SP-200, BioLogic) in a three-electrode
compression cell. The TiO,:Co NWs or undoped TiO, NWs supported on FTO glass substrate served as
the working electrode with a saturated calomel reference electrode (SCE) and a Pt wire counter
electrode. 1 M KOH under continuous Ar purging was used as the electrolyte. For the measurement of
the cyclic voltammograms of the OER activity, the voltage was swept linearly from -1.0 to 2.0 Vsce at a
scan rate of 20 mV/s. For the evaluation of the PEC performance, the photocurrent-potential (J-V)
curves were measured under simulated solar light illumination (AM1.5G, 100 mW/cm?) at a scan rate of
50 mV/s from -1.0 to 2.0 Vsce.

Electrical conductivity measurement. The NWs were sonicated in IPA and then drop-cast onto a SiO,/
Si substrate. Platinum (Pt) metal contacts were deposited on two ends of each TiO, NWs using the
focused-ion beam (FIB, FEI Strata DB235). Current-voltage (I-V) measurements were conducted at
room temperature using a semiconductor analyzer (Model 4200-SCS, Keithley) with tungsten probes.
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Surface area measurement. The nitrogen sorption analysis of undoped TiO, and TiO,:Co NWs
(mechanically scratched off from the FTO substrate) was performed using 99.999% pure nitrogen gas at
77 K in an Autosorb iQ, low-pressure gas sorption analyzer (Quantachrome). The samples were
outgassed at 0.03 torr and 200 °C for 12 hours prior to measurements. The specific surface areas were
obtained by the Brunauer-Emmett-Teller (BET) method based upon the adsorption data in the partial
pressure (p/po) range of 0.05 to 0.2.
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Figure 1. Schematic of the sol-flame doping method for synthesizing TiO,:Co NWs.
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Figure 2. Cross-sectional SEM images of (a) TiO,:Co NWs prepared with 0.03 M Co precursor solution
and (b) undoped TiO, NWs. (c) XRD spectra of TiO,:Co_x (x = 0.01, 0.03 and 0.2) NWs, undoped TiO,
NWs, reference Co30, film and FTO substrate. Symbols A and * indicate peaks of rutile TiO, phase
and cubic Co304 phase, respectively.
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Figure 3. TEM images of (a) undoped TiO,, (b) TiO,:Co_0.01, (c) TiO,:Co_0.03, (d) TiO,:Co_0.05 and
(e) TiO2:Co_0.2 NWs (left: low magnification TEM image of single NW, right: high resolution TEM
image of the NW edge with corresponding crystal lattice parameters). (f) EDS mapping of elements Ti,
O and Co in TiO,:Co_0.03 NW. Radial doping profiles for Co in (g) TiO,:Co_0.01, (h) TiO2:Co_0.03, (i)
TiO,:Co_0.05 and (j) TiO2:Co_0.2 NW obtained by point-by-point EELS analysis (the percentage
values represent the averaged doping concentration of Co in the bulk). TEM images and electron
diffraction patterns of the NPs on the surface of (k) flame-annealed TiO,:Co 0.2 NWs, (I) furnace-
annealed TiO, NWs that are dip-coated with 0.03 M Co precursor solution and (m) furnace-annealed
TiO, NWs that are dip-coated with 0.2 M Co precursor solution. (n) Plot of the Co dopant
concentrations on the surface and averaged in the bulk versus the Co precursor concentration.
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Figure 4. (a) Co 2p XPS spectra of TiO,:Co_0.03, TiO2:Co_0.2 and Co304 film. (b) Co K-edge XANES
spectra for TiO,:Co_x (x = 0.01 — 0.2) NWs by sol-flame, Co metal, Co30,4, CoO taken from ref 46 and
ion-implanted rutile TiO,:Co taken from ref 47. (c) Measured and fitted radial distribution functions for
Co K-edge EXAFS data from TiO,:Co_x (x = 0.01 — 0.2) NWs.
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Figure 5. (a) The anodic-going sweep of typical cyclic voltammograms for TiO2:Co_x (x = 0.01 — 0.2)
and undoped TiO, NWs. (b) Plot of overpotentials of TiO,:Co, Co30,@TiO, and Co30,@TiO,:Co NWs
at current density of 0.1 mA/cm? versus the concentration of cobalt precursor solution. (c) Tafel plots of
TiO,:Co_x (x = 0.01 - 0.2) and undoped TiO, NWs. (d) Current-voltage curves of single TiO,:Co_0.03
NW and undoped TiO, NW.
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Figure 6. Photocurrent density-potential (J-V) curves of undoped TiO; and TiO,:Co_x (x = 0.01 — 0.05)

NWs.
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Controllable doping of TiO; nanowires with cobalt using sol-flame method, which achieves significantly
enhanced electrocatalytic activity for oxygen evolution reactions.
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