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Significance

A new technique of in situ doping of alkali metal (Li+, Nat, K", Rb*, and Cs+) in Nb,Os was showcased by the
modified anodization of Nb foils at high frequency, negative-to-positive pulsed voltage. At the optimized dopant concen-
tration and synthesis condition, the doped-Nb,Os shows twofold enhancement in photoelectrochemical water splitting
efficiencies compared with the undoped Nb,Os electrode, as a result of improved charge carrier density and enhanced

surface charge transfer. © 2015 American Institute of Chemical Engineers AIChE J, 62: 352-358, 2016
Keywords: water splitting, hydrogen, photoelectrode, pulsed anodization, doping

potential solution to the Energy crisis is urgently seek-

ing the development of new materials for sustainable
H, production. In particular, the investigation of oxide semi-
conductors for the applications in solar photoelectrochemical
(PEC) water splitting is arguably one of the most active areas
of research undertaken in the recent decade. Challenges stem
from the long-standing requirements for a single material that
possesses efficient solar absorption, appropriate band edge
potentials for H, and O, evolution, high quantum efficiency,
and long-term photostability.'™ Despite being far-fetching,
significant progress in the discovery of new materials and
modifications has been made to address each of the require-
ments in an (inevitable) independent fashion.

The rapid implementation of hydrogen economy as a

Additional Supporting Information may be found in the online version of this
article.

Correspondence concerning this article should be addressed to W. Y. Teoh at
wyteoh@cityu.edu.hk.

© 2015 American Institute of Chemical Engineers

352 February 2016 Vol. 62, No. 2

In terms of materials modification, the doping with foreign
cations or anions is a classic but effective strategy.s’6 For
example, the N?~ doping in TiO, and other wide bandgap
semiconductors extends the photoresponse to the visible light
by creating new sub-bandgap energy levels,” while cationic
dopants, such as Mo®" and W, Ti**, and Sn**, could act as
electron donors to establish more sufficient conductivities in
BivO,'"° and o-Fe,05,'"'? further resulting in enhanced
charge transport. Unlike the well-studied wide bandgap
oxides, such as TiO,, ZnO, and WO3, Nb,O5 is not known to
exhibit high PEC water splitting efficiencies despite possess-
ing suitable conduction and valence band edge potentials.'>'*
As such, there is potential to significantly improve its efficien-
cies through the strategies of doping and nanostructuring.
Here, we introduce a new protocol based on modified pulsed
anodization where alkali metal cations M =Li", Na™, K*,
Rb ™, and Cs™, representing increasing ionic radii in the same
order) can be in situ doped into Nb,Os to improve its effi-
ciency in PEC water splitting. To the best of our knowledge,
the work is the first to synthesize cationic-doped Nb,Os
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Figure 1. (a) Scheme of the modified pulsed anodization process. (b) Transient voltage pattern during the pulsed anodization
of Nb films at voltage levels of (40 V/—5 V) and (40 V/o V) in CsF containing electrolytes. Inset is the enlargement
of the zero or negative pulses.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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lytes containing (a) 0.12 M, (c) 0.24 M, and (e) 0.48 M CsF for 40 min. Also shown are their corresponding cross-
sectional images (b), (d), and (f). The magnified images of (a), (c), and (e) are shown in their insets.
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Figure 3. Surface Nb 3d XPS spectra of (a) Cs(,)-Nb,O, (40 V/—

and (b) M .4)-Nb,O; (40 V/—5 V) films prepared in
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5 V) films anodized in 0.12, 0.24, and 0.48 M CsF electrolytes
0.24 M LiF, NaF, KF, and RbF electrolytes, respectively. (c) Cs

3d XPS spectra of Csy)-Nb,O; (40 V/—5 V) surfaces prepared at different CsF concentrations. Cs 3d XPS spectra of

(d) CS(0_24)'Nb205 (40 V/_S V) and (e) Cs(o.qs)'szos

(40 V/—5 V) films at different sputtering depths. (f) Depth

profiles showing the atomic ratios of Cs and Nb in Cs( ,4)-Nb,O; (40 V/—5 V), Cs(, 48)-Nb,O5 (40 V/—5 V), and the
corresponding Nb,O, films anodized at pulsed voltage of (40 V/o V).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

electrodes using such in situ anodization method, which in
principle can be extended to a wide variety of combinations of
metal cations and anodized metal oxide films.

In the modified pulsed anodization, a highly positive volt-
age is alternated with a slightly negative voltage in a square
wave pattern (Figure 1a). While the purpose of the positive
voltage is for the anodization of the Nb foil (similar to the con-
ventional anodization), the negative voltage functions to elec-
trostatically attract the alkali metal cations to the surface of
the foil. A rapid rise to the positive voltage oxidizes the Nb
foil in the presence of the alkali metal cations dopant. The pos-
itive voltage of the pulsed anodization was set at 40 V for a
total duration of 40 min, a condition which we earlier opti-
mized using the steady voltage anodization (Supporting Infor-
mation Figure S1). The negative voltage was set nominally at
—5 V (See the experimental section in Supplementary Infor-
mation). As shown in the inset of Figure 1b, only an actual
voltage of approximately —0.7 V could be reached due to the
internal large resistance from the oxide layer formation in the
preceding cycles.'” In our case, applying a more negative volt-
age would compromise on the maximum reachable positive
voltage, that is, <40 V. For convenience, the optimized nomi-
nal positive and negative voltages are represented by the con-
notation (40 V/—5 V). Variation of the alkali metal dopants
will be expressed by their elements and concentrations in the
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electrolytes. For example, the sample anodized at (40 V/—5
V) in electrolyte containing 0.12 M CsF will be denoted
Cs(0.12)"Nb2Os (40 V/—5 V). In all cases the frequency of the
pulsed anodization is 100 Hz.

The field emission-scanning electron microscopy images of
Cs()-NbyOs (40 V/—5 V) films synthesized in the presence of
0.12, 0.24, and 0.48 M CsF electrolytes are displayed in Fig-
ure 2. Unlike the Nb,Os nanorods obtained at constant 40 V
for the same duration (Supporting Information Figures Sla,
b), these Nb,Os films showed the hierarchical conical struc-
tures formed from the bundling of nanorods (insets of Figures
2a, ¢, and e). Similar nanocones of Nb,Os could also be
obtained but with extended anodization duration (>2 h) at
constant 40 V (Supporting Information Figures S1d—f). With
increasing the CsF concentration in electrolyte, the cones
augmented in size, indicating the enhanced cone evolution by
larger electrolyte conductivity.'® As such, the thickness of the
oxide film was also increased from 0.44, 1.08 to 1.17 um
when the CsF concentration was increased from 0.12, 0.24 to
0.48 M, respectively (Figures 2b, d, and f). Similar hierarchi-
cal conical structures were obtained from other alkali metal
containing electrolytes, shown here for Lic24y-, Na24)-
K(()_24)-, and Rb(0.24)-Nb205 (40 V/=5 V) with respective
thickness of 1.02, 1.24, 1.38, and 1.77 um (Supporting Infor-
mation Figure S2).
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Figure 4. (a) Photocurrent response of Cs(,)-Nb,O; (40 V/—5 V) (solid line) and Cs(,)-Nb,O, (40 V/o V) (dash line) electrodes
prepared at different CsF concentrations in electrolytes. Inset is the photocurrent density of different alkali metal
ions doped M, ,,)-Nb,O; (40 V/—5 V) and undoped M, ,,)-Nb,O; (40 V/o V) electrodes at +1.0 V vs. Ag/AgCl. (b)
IPCE spectra and the Tauc plot as inset, (c) Mott-Schottky plot, and (d) Nyquist plot of the Cs(,)-Nb,O, (40 V/—5 V)
(solid symbol) and Cs()-Nb,O; (40 V/o V) (open symbol) electrodes with the equivalent circuit to model the elec-

trochemical impedance spectra as inset.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Upon annealing at 500°C for 3 h in N, atmosphere, the
M)-Nb,Os films can be characterized by the orthorhombic
Nb,Os structure (ICDD 27-1003) (Supporting Information
Figure S3), inferring unmodified lattice parameters compared
with the pristine control film, most likely due to the limited
dopant concentrations (<0.5% based on the sensitivity of
X-ray diffraction, (XRD)). For more local information of the
Nb,Os5 and the dopants, the X-ray photoelectron spectroscopy
(XPS) was used. As shown in Figures 3a, b, the pulsed ano-
dized samples consist of the Nb 3ds/, and 3d;,, binding energy
peaks centered at 207.1 and 209.9 eV, belonging to the Nb’ "
species in Nb,Os,'”'® corroborating the XRD analyses that
only the Nb,Os phase was formed. Surface analyses of the Cs
3d of CS(().lz)-, CS(().24)-, and CS(0A48)-Nb205 (40 V/_S V) show
peaks centered at 724.2 eV belonging to the Cs™ of CsOH
(Figure 3¢)." These are strongly adsorbed surface Cs™ resi-
dues from the electrolyte. As the surface is sputtered to reveal
the subsurface local information at different depths, the Cs 3d
binding energy peaks are shifted to 725.0 eV, revealing the
presence of Cs,O dopant species (Figures 3d, e).?’ The distri-
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bution of the Cs™ dopant ions is further plotted as a function
of the film depths (Figure 3f), where a steep surface concentra-
tion of Cs can be observed up to the depth of ~40 nm before
reaching the bulk dopant concentration of ~0.1% Cs with
respect to Nb. Given the large ionic radii of Cs™ (1.69 A) rela-
tive to Nb>* (0.7 A), the dopant is more likely to be substitu-
tionally doped than interstitially doped. As a reference, the
dopant depth profiles of Cs(,-Nb,Os (40 V/0 V), despite hav-
ing similar hierarchical conical morphologies (Supporting
Information Figure S4), do not show any amount of Cs™ pres-
ent in the bulk beyond the residues accumulated on the surfa-
ces (Figure 3f). Compared with the previous reports on pulsed
anodization,?'? the high frequency (100 Hz) used in this
work is one of the contributing factors toward successful cati-
onic doping. Only in this way, the adsorbed alkali metal ions
could be retained in the Nb,Os films instead of being removed
by the etching-anodization.

The cationic-doped M(,-Nb,Os (40 V/—=5 V) electrodes
were assessed for PEC water splitting. Figure 4a shows the
current-potential curves of the Cs)-Nb,Os (40 V/—=5 V)

DOI 10.1002/aic 355
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Figure 5. Depth profiles showing the atomic ratio of Cs and
Nb in Cs..4)-Nb,Os (40 V/—5 V) electrode before

and after the PEC water splitting.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

electrodes. For comparison, the PEC properties of the undoped
Cs-NbyOs (40 V/0 V) are also given. All the electrodes
showed negligible dark currents in the scanned potential range.
Under photoexcitation, the undoped Cs 12)-Nb,Os (40 V/0 V)
generated comparable photocurrent as that prepared under con-
stant voltage (Supporting Information Figure S1). Doping of
Cs* enhanced the photocurrent by almost twofold, where
Cs0.24"NbyOs (40 V/—5 V) generated the highest photocurrent
of 1.52 mA cm % at +1.0 V vs. Ag/AgCl compared with 0.86
mA cm™ > for Cs(9.24-Nb,Os (40 V/0 V). Importantly, the bulk
Cs™ dopant content was retained after PEC water splitting
while the surface adsorbed CsOH was removed (Figure 5). The
effect of other cationic dopants is shown in the inset of
Figure 4a, again showing photocurrent enhancement in all
doped samples (M24-Nb,Os (40 V/—5 V)) relative to the
pristine references (M24)-Nb,Os (40 V/0 V)). As noted, the
Na*-doped Nb,Os yielded the highest photocurrent of 1.65
mA cm % at +1.0 V vs. Ag/AgCl. Figure 4b shows the inci-
dent photon-to-current conversion efficiencies (IPCE) of the
Cs*-doped and undoped Nb,Os electrodes. The highest IPCE
of 42% was measured at 300 nm for the optimum Cs 4
Nb,Os (40 V/—5 V), compared with 22% for the undoped sam-
ple. The equivalent IPCE for the Na*-doped Nb,Os electrode
reached 50% (Supporting Information Figure S5a). As shown
in the insets of Figure 4b (and Supporting Information Figure
S5b), the bandgaps of the pristine and doped Nb,Os were esti-
mated by extending the linear portion of (jp, X )2 vs. hy to
the abscissa, in a PEC equivalence of the Tauc plot.>> Given
the low dopant concentrations, the doped samples are not
expected to exhibit significant modification in the band struc-
ture. The intrinsic bandgap of the undoped Nb,Os was 3.1-3.2
eV, and on doping with alkali metal cations, slight decrease in
the bandgap values to 2.9-3.0 eV was measured (Supporting
Information Table S1). This is consistent with alkali metal
(Na*,K*,Rb™, Cs+)-doped TazNs photoelectrodes.24

To gain insights on the electronic properties of the doped-
Nb,Os, the Mott-Schottky (M-S) plot was used and is shown
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in Figure 4c for Cs(,)-Nb,Os electrodes. All samples, both
doped and undoped, are characterized by the positive slopes in
the M-S plots as typical of n-type semiconductors. From the
slope in the quasilinear region close to the flatband potential
(Eg), the charge carrier densities (Na) of Cs 12y, CS(0.24)-
and Cs45)-Nb,Os (40 V/—5 V) electrodes were estimated to
be 7.9, 17.8, and 12.4 X 10'® cm ™, respectively. By compari-
son, the charge carrier densities of the respective non-negative
pulsed electrodes were only 5.5, 7.0, and 8.3 X 10'® cm 3.
Likewise, substantial increase in charge carrier density was
recorded for Li*, Na™, K™, and Rb"-doped Nb,Os electrodes
(Supporting Information Figure S6, Table S1). In principle,
doping improves the bulk charge transport properties as
reflected by the enhanced charge carrier density,(”lz’25 and
gives rise to the enhanced quantum efficiencies. The flatband
potentials (Eg,) of these Nb,Os electrodes (~ —0.67 V vs. Ag/
AgCl) were only marginally affected by the presence of alkali
metal cationic dopants, again pointing to the minimal of shift-
ing of the intrinsic Nb,Os band potentials given the low
amount of dopants.

To characterize the interfacial charge transfer of the electro-
des, we performed the electrochemical impedance measure-
ment as depicted by the Nyquist plots (Figure 4d and
Supporting Information Figure S7). In each case, the
depressed arc can be adequately described with an equivalent
circuit, consisting of the electrolyte resistance (R), charge
transfer resistance at the photoelectrode-electrolyte interface
(R¢y), and a constant phase element (inset of Figure 4d).26 The
fitted parameters are tabulated in Supporting Information
Table S1. The R, of the doped samples were significantly low-
ered compared with the undoped samples, inferring favorable
interfacial charge transfer at the doped electrode surface for
the oxygen evolution reaction (OER). This, and the enhanced
charge carrier densities in the doped-Nb,Os electrodes are the
main reasons for their high efficiencies.

To further improve the performance of the optimum Cs*-
doped Nb,Os electrode, we deposited cobalt-phosphate (Co-Pi)
OER cocatalyst on the electrode surface by photodeposition.

Co-Pi/Cs

(0.24)

-Nb,0, (40 V/-5 V)

15F x 1.1
T i
o
T 10}
=2 L
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Figure 6. Photocurrent response of bare and Co-Pi deposited
Cs,-Nb,O; (40 V/—5V) electrodes.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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As shown in Figure 6, the presence of Co-Pi significantly
enhanced the photocurrent response especially at low potentials
where the photocurrent was enhanced by more than ninefold to
1.37 mA cm™ 2 at 0 V vs. Ag/AgCl. In other words, the surface
extraction of minority carriers is a major limiting step under
low applied potentials. With the deposition of Co-Pi, the over-
potential of OER was lowered by ~0.3 V. In contrast, the pho-
tocurrent density was only mildly improved ~10% at +1.0 V
vs. Ag/AgCl as at such high potential the surface charge trans-
fer is no longer a limiting step. Our attempt to passivate any
surface recombination centers by introducing Al,O3, TiO,, and
SiO, barrier layers did not result in any significant improve-
ments in photocurrent densities (Supporting Information Table
S2), implying that surface charge recombination is not a major
limitation for our photoelectrodes.27

In summary, a facile protocol for the in situ doping of for-
eign cations during the anodization synthesis was introduced.
The concept was demonstrated with the synthesis of alkali
metal (Li*, Na™, K", Rb*, and Cs*)-doped Nb,Os electrodes.
The doped-Nb,Os electrodes showed improved efficiencies in
PEC water splitting, almost doubled that of the undoped elec-
trodes. This was traced to the enhanced charge carrier density
and favorable charge transfer of the doped electrode. Surface
deposition of Co-Pi cocatalyst further improved the PEC activ-
ities of the alkali metal doped Nb,Os electrodes through the
lowering of OER overpotential. In principle, the modified
anodization technique can be conveniently extended to the
synthesis of other new materials with homogeneously doped
structures.
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