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Manganese oxide (MnO,) materials have been widely studied as electro-catalysts for the water oxidation reaction.

Although the electronic structure of MnO, (band gap ~2 eV) indicates it could be a promising photo-anode material for

solar water splitting, so far only quite small photocurrents have been obtained from manganese oxides. Here, we show

that the photo-electrochemical water oxidation performance of MnO, films can be significantly improved by using

buffered aqueous electrolytes containing amine ionic liquids. The buffered conditions to maintain a constant proton

activity and the amine salt are both crucial for achieving high photocurrents. Photocurrents as high as 4.5 mA cm” were

obtained at 1.0 V vs SCE (n = 540 mV) in Bi buffered n-butylammonium nitrate (BAN) electrolyte at pH9. The incident

photon-to-current efficiency (IPCE) was found to be greater than 3 % at 400 nm and 4% at 370 nm. Both H,0, and O, are

produced simultaneously in this system, with the potential subsequent decomposition of the H,0, to form oxygen. An

acceleration of the decomposition of H,0, under illumination is proposed to explain the photocurrent improvement.

1. Introduction

Photo-electrochemical (PEC) water splitting is considered to be
.. [1]
a very promising method to store solar energy, ” and has
attracted extensive investigation.[zl One of the key factors
restricting the application of water splitting as an energy
technology is the lack of highly efficient, low cost and
sustainable catalysts. In oxygen evolution
catalysts (OECs) based on earth-abundant elements such as

J,2 4 cobalt oxides (Co0,)," iron

recent vyears,

manganese oxides (MnO
oxides (Fer)[G] and nickel oxides (NiOX)m have been well
studied due to their high catalytic activity. Manganese
catalysts, which have been identified as the key element in
Photosystem Il, are extremely interesting.[gl We have reported
that manganese molecular clusters doped into Nafion exhibit
good water oxidation catalytic activity.[g] Our subsequent study
revealed that the manganese cluster evolved into a material
with a birnessite structure (6-MnQO,) after applying a certain
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potential, indicating that the actual catalyst is a manganese
oxide.™ Different manganese oxide phases such as birnessite
(6—Mn02),[11’ 12l pyrolusite (B—Mnoz),m] Mn203[14]and Mn304[15]
have been studied as catalysts for the OER. Among these
manganese oxides, MnO, and Mn,03 have proven to offer the
best catalytic performance.m‘ ¥l The electrodeposition process
used for the preparation of the material is also important for
achieving high catalytic activity. For example, the Dau group
reported that the electrodeposited MnO, by voltage-cycling
method exhibits good catalytic activity while electrodeposition
at constant anodic potential produced an “inactive” material in
their study.B] By applying an ionic liquid electrolyte, MnO, was
electrodeposited at high temperature and found to exhibit
higher catalytic activity than aqueous eIectrodeposits.[m

In addition to the nature of the catalyst, the electrolyte is
another important factor that can impact the water oxidation
process and catalyst performance.m’ ¥l The effects of pH have
been studied, and the MnO, catalyst shown to exhibit higher

U Recently, we reported a

catalytic activity at higher pH.[1
relatively low overpotential (~150 mV) water oxidation process
on electrodeposited MnO, that was achievable only in a
certain family of organic salt (e.g., n-butylammonium sulphate)
electrolytes.[lg‘ 11 this case, water can be oxidised at lower
overpotential primarily to hydrogen peroxide (H,0,), which is
stabilised by hydrogen bonding with the ammonium ion. In
this the process can be regarded as

butylammonium assisted formation of H,0, electrocatalytic

respect, an n-
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reaction, and this process provides an alternative pathway for
water splitting at lower overpotentials.“s]

Although much effort has been devoted to investigations
of MnO,, most studies have focused on the dark electro-
catalytic activity.[g' 'in fact, MnO, could also be a promising
material for photo-electrochemical water oxidation as
indicated by a band structure of MnO, that has a more positive
valence band energy than the H,0/O, reaction potential
(figure 1),[20] and a band gap (Eg = 2 eV, which corresponds to
an absorption edge at ~600 nm) that enables light absorption
in the visible part of the spectrum.m] However, thus far, only a
few studies have probed the photo-electrochemical water
oxidation process on MnO,, and these show that the MnO,
films exhibit quite poor photo-activity for water oxidation."**
23 Well-defined, dispersed nanoparticles MnO, formed by
incorporating Nafion showed significant photo-activities, with
photocurrents similar to the dark currents measured at
overpotentials of 150-550 mv.124 However, the low loading of
MnO, in these photo-anodes meant that the photocurrents
were relatively small (<0.1 mA cm™). In general, the photo-
activity on MnO, is still quite low compared to other typical
photo-electrochemical such as
Fe,05° and BivO,,™
photoanode is still at a very early stage.

water oxidation catalysts,
and the investigation of MnO, as

CcB

VB

-------- 1.23

Birnessite (MnO,)

Figure 1. Schematic band structures of manganese oxides

(Birnessite) with reference to the H,0,/0, reaction.

The light intensity has been proven to affect the photocurrent

26-28, 29
! and

generated on photoelectrodes in previous studies,[
an illumination of AM1.5 100 mW cm™ is usually applied in the
research.”® 2232 on the other hand, in practical applications,
the solar light intensity can be easily magnified using solar
concentrators. This approach has been used in concentrating
photovoltaic (PV) systems to focus sunlight onto a small PV
chip, producing highly efficiency.Bg] This could potentially
reduce the overall cost of solar systems in general since the
solar collector is typically less expensive than the equivalent
area of solar cells. Similarly, in solar water splitting, the use of
a solar concentrator has the exciting potential to generate
higher efficiencies and result in lower costs. Thus, it is

important for photoelectrodes to maintain high efficiency

2 | J. Name., 2012, 00, 1-3

under strong illumination. Here, we study the effect of
concentrated solar illumination on MnO, water oxidation
electrodes. For MnO, to become an efficient photo-electrode,
further work is needed to improve the photo-electrochemical
performance, by optimising both the electrolyte and also the
crystalline structure and morphology[G] to enhance the photon-
the
transport rate. We focus on the role of the electrolyte in the

photo-water oxidation process and demonstrate that the

absorption efficiency and photo-generated carrier

photo-electrochemical oxidation of water is enhanced by the
introduction of a buffered alkylammonium ionic liquid
electrolyte. The process is shown to produce both oxygen and
hydrogen peroxide at low overpotentials. The effects of
substrate, film thickness and illumination direction are studied
and optimised and, thereby, photocurrents as high as ~¥4.5 mA

cm? (n = 540 mV) have been achieved on the MnO, film.

2. Experimental Section

Materials

All reagents were purchased from commercial supplies and
used as received unless stated otherwise. Deionised water was
used for all experiments. Ethylammonium nitrate (EAN) or n-
butylammonium nitrate (BAN) were prepared by neutralising
the ethylamine (EA) or butylamine (BA) with dilute nitric acid
(HNO3), followed by removal of the water under reduced
pressure by rotary evaporation at 50 °C for 2 hours.

Film deposition

The manganese oxide (MnO,) films were prepared by
electrodeposition in a three-electrode electrochemical system
from an ionic liquid electrolyte, as described in greater detail
(16, 18] The deposition electrolyte (2 ml in volume)
contained 10 mM Mn(CH3COO), in a 1:9 water to EAN mixture.
It was acidified slightly by adding 10 pl of 2.0 M HNO3 to give a

10 mM excess of acid. The MnO, film prepared using this

elsewhere.

electrolyte was denoted as sample Al
report.“G] Fluorine-doped tin oxide (FTO) conducting glass or a

in our previous

gold (Au) sheet with an active electrode area of 0.5 cm x 0.5
cm was used as substrate for film deposition. The MnO, film
was electrodeposited at 120 °C by applying a constant current
density of 200 pA cm™. Following exploratory studies to
determine the optimum deposition time, a time of 30 min was
generally used to prepare the film, unless otherwise specified.
After deposition, the films were
distilled water.

rinsed thoroughly with

Photo-electrochemical measurements

The photo-electrochemical performance was measured in a
three-electrode system on the VMP2 potentiostat system.
Generally, the MnO, films and Ti foil were used as the working
and counter electrodes, respectively with Ag/AgCl or saturated
calomel electrode (SCE) reference electrode. The potential of
the Ag/AgCl reference electrode was -60 mV vs SCE.

This journal is © The Royal Society of Chemistry 20xx
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A 1.0 M n-butylammonium nitrate (BAN) solution of pH9
or pH10 was prepared by adding 1.2 mol % and 11.2 mol % of
extra n-butylamine (BA) into the BAN solution, respectively.
The 0.20 M of borate buffer (Bi) at pH9 was prepared by
adding boric acid solution (H3BO3) into a 0.05 M sodium borate
solution (Na,B;0,-10H,0), whereas the pH10 buffer was
prepared by adding sodium hydroxide solution into the sodium
borate solution. The mixed electrolytes at pH9 or pH10 were
obtained by mixing the (pH9/pH10) BAN solutions with Bi
buffer (pH9/ pH10), and then slightly adjusting the pH of the
mixture to 9 or 10 by adding either H3BO3; or BA. Typically, 10
ml of electrolyte was used for the photo-electrochemical
measurements.

Linear scan voltammetry (LSV) and controlled potential
electrolysis (CPE) were used to characterize the -catalytic
performance with respect to water oxidation. The LSVs were
usually carried out by sweeping from 0.3 V to 1.2 V vs SCE at a
scan rate of 5 mV s . The CPE was conducted by applying a
constant potential of 0.4 - 1.2 V vs SCE at room temperature.
In the LSV test, the dark and light LSV were measured in the
same electrolyte, with the dark LSV tested first. In all other
measurement, fresh electrolytes were used.

Except for the |IPCE measurements, all
electrochemical measurements were made using a 300 W Xe

photo-

lamp as the light source. The intensity of the light was
controlled by varying the distance between the light source
and sample. In typical measurements, the distance was kept at
2 cm, where the light intensity equals about 9 suns (calibrated
with Thorlabs optical power and energy meter PM110D
equipped with S310C thermal sensor), and most of the photo-
electrochemical experiments were done at this light intensity
using back-side illumination unless otherwise specified.
Incident Photon to Current Efficiency (IPCE) measurements
were made using a 150 W Oriel solar simulator, equipped with
an AM1.5G filter, as the light source. A series of filters were
used to cut the light to monochromatic light from 370 nm to
570 nm having bandwidths of 20 nm. The total light intensity
for the IPCE measurement was about 3 suns, hence for each 20
nm band the intensity is about 1~¥6% sun (176 mW cm'z)
depending on the transparency of filters. An electrolyte
containing 0.20 M Bi buffer and 1.0 M BAN at pH9 was used to
measure the IPCE, and a constant potential of 1.0 V vs SCE was
applied during the test. The IPCE was calculated as follows:

electrons/sec I(mA) x1240

= 100
photons/sec  P(mW)xA(nm) %

IPCE % =

where I/(mA) indicates the photocurrent (mA cm'z), P(mw)
indicates the input light intensity (mW cm?) and A represents
the wavelength of monochromatic light. The number of 1240
is the value of hc/(e x 10'9), with h, ¢ and e are Planck’s
constant, speed of light and electron charge, respectively.
Electrochemical impedance (EIS)
measurements were carried out from 0.4 to 1.0 V vs SCE in

spectroscopy

dark and under illumination. The EIS measurement frequencies

This journal is © The Royal Society of Chemistry 20xx
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were varied from 200 kHz to 0.1 Hz, using an amplitude of 10
mV. The spectra were fitted to an equivalent circuit model
using the ZView software.

Film characterization

Film thickness was measured by using a Dektak 150 surface
profiler. The absorption spectrum of the film is measured on a
Jasco V-670 UV-Vis spectrophotometer. The morphology of the
film was analysed using the scanning electron microscopy
(SEM) secondary image, which was conducted at 30 kV with a
working distance of 6 mm on a JEOL 7001F FEG SEM. Raman
spectra were recorded with a Renishaw inVia Raman
microscope using a 514 nm incident laser.

NMR Spectroscopy

The electrolyte for NMR spectral measurement was prepared
by using D,0 as the solvent, and the electrolyte contained 0.10
M Bi and 1.0 M BAN, at pH9. Proton NMR measurements were
conducted on a Bruker Avancelll 400 spectrometer. NMR
signals were collected on the electrolytes before and after
photo-electrochemical testing under ~9 suns illumination.
Oxygen and hydrogen peroxide measurements

Oxygen measurements were conducted in a home-built gas-
sealed three-electrode cell. A 6 ml solution of 0.10 M Bi buffer
containing 1.0 M BAN at pH9 was added into the cell, leaving a
head-space volume of 26 ml. The oxygen in the head space
was measured using a fluorescence probe, as detailed
elsewhere.™ The fluorescence probe is very sensitive to light,
and the gas expansion under illumination causes a pressure
change. Thus, the oxygen measurement under illumination
condition was conducted by measuring the oxygen level in the
head space of the cell before and after PEC experiment.

The amount of hydrogen peroxide was measured by
titration in a UV-Vis cell, using potassium permanganate as
oxidant, as detailed in the literature.™ Typically, 0.25 ml of
the electrolyte was added into 0.25 ml of 1M H,SO,4, and a
solution of 0.00755 M potassium permanganate was used for
the titration. UV-Vis absorption spectra were recorded at room
temperature on a Cary 300 Bio UV-Visible spectrophotometer
and the permanganate concentration was determined from

the absorbance at 565 nm.*®

A control experiment was
conducted and the results (figure S1) show that in this titration
no amine was oxidized by the permanganate.

Hydrogen production is observed on the counter electrode
with formation of bubbles during the PEC process. The GC
measurement of the collected gas confirms the production of

hydrogen.

3. Results and Discussion

3.1 Photo-electrochemical Performance

The MnO, film deposited from acidic ionic liquid (A1) for 10 mins at
120 °C on FTO substrate served at the photo-anode for the photo-
electrochemical measurements. The obtained film has a nano-sized
fibrous structure (figure S2a) with a thickness around 900 nm. XRD

[16]

has been conducted in our previous study, and no peak

J. Name., 2013, 00, 1-3 | 3



Journaliof Materials'Chemistry A

attributable to MnO, was observed. Extra characterization of the
material carried out in that work by EXAFS and EDS indicates that
this film corresponds to the typical birnessite phase, as detailed in
our previous report.[w]

The linear scan voltammetry (LSV) was measured in several
electrolytes in the dark and under illumination to evaluate the
photo-electrochemical performance of the MnO, film. Figure 2
shows the LSVs of the MnO, in three electrolytes at pH9: (i) 1.0
M n-butylammonium nitrate (BAN); (ii) 0.20 M borate (Bi)
buffer; and (iii) a mixture of 0.10 M Bi buffer with 0.50 M BAN.
The LSV measured in the Bi buffer (black dashed line) exhibits
a clear onset of dark current at about 0.9 V vs SCE, while it
appears at around 0.6 V vs SCE in the BAN solution (blue
dashed line). For the BAN/buffer mixture (red dashed line),
which was obtained by mixing the BAN solution at pH9 and Bi
buffer at pH9 and slightly adjusting the pH to 9, the onset of
dark current occurs at 0.6 V vs SCE, which is same as that in
the BAN solution (figure 2, blue dashed line).

Under illumination (solid lines), the film exhibits photo-
activity in all the three electrolytes, shown as solid lines in
figure 2. There is a decrease in the onset potential and a
current density increase under light. Under illumination, the Bi
buffer (black lines) exhibits either little or no photocurrent
below 0.8 V. The highest photocurrent in the measured region
in the Bi buffer is ~0.5 mA cm™ at 1.2 V. The most important
observation is that the photocurrent in the mixture (red line) is
much higher than that of either of the two other electrolytes
(black lines for Bi and blue for 1.0 M BAN). The photocurrent
increases with the applied potential below 1.0 V, and reaches a
plateau at higher potentials, as is normally observed with
photo—electrodes.[s’ 34

359 ---- 1.0 MBAN-dark
—— 1.0 MBAN- light
304 ---- 0.20 M Bi-dark
——0.20 M Bi-light
45| === 010 MBi+0.50 M BAN- dark
g | —010MBi+0.50 MBAN-light
© 20
2 201
E 4
S 154
1.0
0.5
O'O T T T T T T 1

03 04 05 06 07 08 09 10 11 12

Evs SCE/V
Figure 2. LSVs of MnO, film measured in different electrolyte at pH9
in dark and under ~9 suns illumination from back side of FTO.

The thickness of the films has been proven to be an important
factor in the photo-activity of photo-electro active materials.”” In
the preliminary experiment shown in figure 2 the MnO, film was
obtained by a 10 minute deposition. The films thickness can be
tuned by varying this deposition time, i.e., the longer the deposition

4 | J. Name., 2012, 00, 1-3

time, the thicker the films.* Figure S3 shows the thickness of
MnO, films obtained from different deposition time, exhibiting a
linear relationship. LSVs of MnO, films with different thickness were
measured in the dark and under light as shown in figures S4 and 3.
It can be seen that the film deposited for 5 minute has the highest
activity in dark, whereas the thicker film shows a slightly decreased
dark current (figure S4). This could be due to lower carrier
collection efficiency in the thicker film."”?! On the other hand, due to
more material in the thicker film, more light can be absorbed, and
this results in higher photocurrents, as shown in figure 3. Whereas,
for the very thick films, both the resistance within film increases
and also the pathway for charge carrier migration to the
semiconductor surface increases which increases the recombination
rate and limits the photocurrent.[%] In this study, the film with
thickness of 4 um from a 30 min deposition exhibited the highest
photocurrent while the photocurrent decreased at a longer
deposition time (45 min). Therefore, unless otherwise stated, the
MnO, films prepared using a 30 min deposition time were used in
the measurements and characterization studies that follow.

4.0

15 min deposition

3.5 71 10 min deposition
[ 20 min deposition
3.04 [ 30 min deposition
I 45 min deposition

Net photocurrent / mA cm?

0.6 0.7 08 0.9 1.0 11 12
Evs SCE/V

Figure 3. Net photo-current density of MnO, films with different
deposition times, measured in 0.10 M Bi+0.50 M BAN electrolyte at
pHO.

The influence of the substrates was also considered and it was
found that the film deposited on Au exhibits a slightly higher
activity than that on FTO glass under illumination (figure S5). This
might be due to the better conductivity of the Au substrate, which
decreases the system resistance and allows the electrode to carry
higher currents; the reflectance of the Au electrode may also
increase the optical path length in the semiconductor and results in

better utilization of the Iight.m' 3]

The effect of the side of illumination on the photo-
electrochemical performance on MnO, was investigated on the
FTO glass electrodes. Figure S6 shows the CV of MnO, in dark
and under different illumination conditions. The CV plot
exhibits pre-peaks (0.59 V in dark and 0.55 V under
illumination) before water oxidation starts. These peaks has

been related to the changes of the surface oxidation states.””

This journal is © The Royal Society of Chemistry 20xx
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It can be seen that the photocurrents measured for back-side
(substrate side) and front-side (electrolyte side) illumination
were very similar. The illumination direction can have a
significant influence on the performance of nanostructured

semiconductor films. Normally, such films exhibit lower
photocurrents under front-side than under back-side
illumination, as has been observed on Fe203[40] and BiVO4.[31]

This is because for front-side illumination the photo-generated
charge carriers need to penetrate the film before they are
collected by the conducting substrate, whereas for back-side
illumination they can be more directly and efficiently collected
by the substrate, leading to higher photocurrents.m' T R
contrast, Sasaki and co-workers?” reported higher IPCEs for
front-side illumination than that for back-side illumination on
MnO,, and proposed that only the topmost layer could
generate photocurrent in their films.

The negligible difference between front-side and back-side
illumination in this study indicates that the mobility of the
photo-generated electrons in the MnO, film is not a strongly
limiting factor in photocurrent generation. This is consistent
with the film thickness study above that showed that a
reasonably thick film generates the highest photocurrent.

To further understand the intrinsic activity of the film in
different electrolytes, a Tafel-analysis was performed at pH9
under dark and illumination conditions, as shown in figure 4.
The 30 min deposited film in the Bi buffer exhibits a large Tafel
slope (cyan line, 153 mV/dec), while notably in the BAN/Bi
buffer mixture (black line), the Tafel slope is much smaller (~
90 mV/dec). Furthermore, the Tafel slopes for the 30 mins
deposited film, measured in the mixture electrolyte in the dark
(figure 4, black line, 96 mV/dec) and under illumination (figure
4, red line, 91 mV/dec) are the same; however, the Tafel
region shifts to lower overpotentials under illumination due to
the photo-enhanced activity. For the BAN electrolytes, the
Tafel slope is 92 mV/dec (figure 4, blue line), which is similar to
the value in the mixture electrolyte. The significant difference
of the Tafel slopes measured in the different electrolytes
indicates that the water oxidation mechanism may be different
in the presence and absence of BAN.

094 /v/&e«
' Vrdeoﬁ'“
P
0.8 v ,w‘“\l\
> O Pl
Z
w
O 074
»n
[’
>
s
=
[=
[]
B
o
o
03 : T : T T

25 20 15 10
Log (J/ mA cm®)

Figure 4. Tafel plots of MnO, film deposited for 30 mins, measured
in different electrolytes at pH9 in dark and under light.
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Further investigation of the effect of film thickness on the Tafel
slope is shown in figure S7. Compared with the 30 mins
deposited films, a 5 mins deposited film exhibits lower Tafel
slopes. The larger Tafel slope for the thicker film is expected
due to the decreasing electro-activity in the thicker films as
shown in the dark current plot (figure S4). The change of slope,
for example in the mixture from 93 mV/dec to 59 mV/dec
(figure S7b), indicates that the catalysis mechanism is
different. A similar effect that thinner films exhibit lower Tafel
slopes was also observed on a Pt—Pd-rGO electrode used for
the hydrogen evolution reaction.”” This might be due to the
surface states varying in the thicker films, and lowering the
electro-catalytic activity. Increasing resistance in the thicker
film could also contribute to a larger Tafel slope.

The influence of the BAN and Bi concentration in the mixed
electrolyte on the dark current and photocurrent was also
investigated and the data are shown in figures S8 and 5a. In
the dark, the current could be improved by increasing the Bi
concentration while variation of the BAN concentration had no

significant effect (see figure S8). Under illumination, an
increase in the BAN concentration in the mixture improves the
photocurrent (figure 5a). Variation of the Bi buffer

concentration in the mixture also affects the photocurrent
(figure 5a); the 0.1 M Bi with 1.0 M BAN electrolyte results in a
smaller photocurrent density (3 mA cm™ at 1.0 V) than 0.20 M
Bi with 1.0 M BAN (4.5 mA cm?at 1.0V, n = 540 mV). The
highest photocurrent of ~4.5 mA cm™, measured in 0.20 M Bi
with 1.0 M BAN, is quite remarkable when it is compared to a
value of <0.1 mA cm™ reported previously for MnO, studied
under more intense illumination conditions (~10 suns)m] than
used herein ( ~9 suns).

—_
Q
~

] I 0.20 M Bi pH9
[0 0.20 M Bi + 0.50 M BAN pH9
55-] mEEN0.20 M Bi + 1.0 M BAN pH9
50-] [ 0.10 M Bi+ 1.0 M BAN pH9
451 C10.10 M Bi + 0.50 M BAN pH9
[11.0 M BAN pH9

2
o
o

Net photocurrent / mA cm’
w
b=
I

0.6 0.7 0.8 0.9 1.0 1.1 1.2
(b) E vs SCE/V

3.5- I Borate buffer (0.10 M) with 1.0 M BAN
[ Bicarbonate buffer (0.10 M) with 1.0 M BAN

2

3.0

Net photocurrent / mA cm

0.6 0.7 0.8 0.9 1.0 1.1 12
E vs SCE IV
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Figure 5. (a) Photocurrent density of MnO, films measured in
different electrolytes at pH9. (b) MnO, photocurrents measured in
Bi buffered BAN electrolyte (black), and bicarbonate buffered BAN
electrolyte (red) at pH9. The net photocurrent is obtained from
LSVs plots by subtracting the dark current (figure S8) from the total
current.

In order to investigate whether the increase in photocurrent
for the electrolyte mixture is specifically due to the presence
of the borate buffer, a bicarbonate buffer mixed with the BAN
solution was also studied. Replacement of the Bi buffer with
the bicarbonate buffer results in a similar photocurrent, as
shown in figure 5b. However, if the Bi buffer is replaced with
NaNOs, the LSV behaviour is similar to that measured with the
BAN electrolyte solution (see figure S9); i.e., only small dark
and photocurrents were observed. This indicates that the
improved photocurrent is probably due to the use of buffered
electrolytes, rather than any particular buffer anions/cations.

Ethylammonium nitrate (EAN) is another common amine
based ionic liquid with a similar structure to BAN. Replacing
BAN in the electrolyte mixture with EAN reveals that both
electrolytes result in high photocurrent densities (figure S10).
Thus, the high photocurrents are not limited to the BA-based
electrolyte, indicating that other amine cations can indeed be
used. The slightly the EAN/Bi
electrolyte mixture may be due to the slightly smaller size of
the cation used or the pKa difference (BA: 10:59;[42] EA:
10.70[43]); this is under further investigation.

lower photocurrent for

The borate in the mixture could just play the role of a
buffer for the amine ions based electrolytes. As the pKa of
butylamine is 10.59,[42] a BAN electrolyte with a higher pH
(~10) could be considered to be a self-buffered electrolyte (nga
: ngan= 0.11:1 at pH=10). In order to find whether the borate
based inorganic electrolyte is essential for obtaining high
further testing was BAN
electrolytes with and without Bi, and the results are shown in

photocurrent, conducted in
figure 6. In order to better compare the activity at different
the applied potentials
overpotentials (n = E - Ep). The dark current density in the
BAN/Bi mixture at pH10 (2.7 mA cm™ at n = 0.5 V) is much
higher than that in the electrolytes with the same composition
at pH 9 (1.1 mA cm™ at n = 0.5 V). This is probably due to the
expected increase in activity of MnO, at higher pH.m] Under
illumination, the photocurrent measured for the BAN
electrolyte at pH10 (2.9 mA cm? n = 0.5 V), is more than three
times than that at pH9 (0.5 mA cm™ at n = 0.5 V)). Similarly,
the photocurrent in the pH10 BAN/Bi electrolyte mixture is 3.5
mA cm’, which is 50% higher than that at pH9 (2.5 mA cm?).
Thus, increasing the pH clearly results in a effective increase
photocurrent in the BAN, and it indicates that the buffer
conditions (by self-buffering or

pHs, have been converted to

adding inorganic buffer
electrolyte) in the presence of the BAN is very important for

and affords substantial increases in high photo-activity.
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2

Current density/ mA cm

n/v
Figure 6. Dark current (filled bar with grid) and photocurrents (filled

bar without grid) on MnO, measured at different potentials
obtained from LSV plots, in 1.0 M BAN + 0.10 M Bi at pH10 (blue),
1.0 M BAN at pH10 (pink), 1.0 M BAN + 0.10 M Bi at pH9 (orange),
1.0 M BAN at pH9 (green).

CPE measurements were conducted at different potentials
on the MnO, deposited on FTO with back side illlumination, as
shown in figures 7 and S11. The steady-state photocurrents
determined by this means are independent of the scan rate

and measurement history.[34]

Figure 7 clearly shows that
The
steady-state photocurrent when a pH9 buffer/BAN electrolyte
is used is ~3 mA cm™ is much higher than for the Bi buffer
(~0.2 mA cm"z) and BAN solution (~ 0.3 mA cm'z), as expected

from the LSV results in figure 2.

illumination generates a reproducible photocurrent.

The decay of the photocurrent back to zero from the time
the light is switched off takes as long as ~150 s for the
BAN/buffer mixture (see last cycle of the blue line in figure 7).
This behaviour is not normal for semicondutors, but has also
been observed for some other photoelectrodes.m] This slow
photocurrent decay may originate from: 1) the heating effect
of the intense light; and/or 2) slow charge carrier diffusion in
the MnO, film or electrolyte. The temperature of the
electrolytes was measured before and after each test (overall
illumination for 120 s as shown in figure 7) and the observed
variation is only ~2 °C, indicating that heating effects may not
be an important factor. This conclusion is strongly supported
by fact that a similar slow current decay is observed when the
BAN electrolyte without the Bi buffer is used (red trace in
figure 7), and that such current-decay behaviour is not
observed for the measurements applying only the Bi buffer
(see sharp rise on switching in the black trace in figure 7).
Additional CPE different
potentials (see figure S11a-c) provide further evidence against
heating effects being a factor. At low potentials (0.4 V in figure

measurements, conducted at

S1la and 0.6 V in figure S11b), the photocurrent increases and
decreases instantly on switching the light on and off. It is at
higher potentials in the presence of BAN, where the currents

This journal is © The Royal Society of Chemistry 20xx
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are higher (1.0 V and 1.2 V in figures S11c and 7), that
longer photocurrent transients. This
indicates that a slow build up and decay of the steady state

switching results in
population of photo-excited electrons and holes may be the
origin of these effects; this behaviour will be further discussed
later. A longer term experiment (more than 1 hr illumination of
the MnO, film) does not show an obvious decrease of the
photocurrent with time (figure S11d) and, moreover, the
morphology and the Raman spectra of the film does not
change significantly after long term testing (figure S2). Thus,
the MnO, photo-catalyst is stable during prolonged photo-
electrochemical water oxidation.

4.0+

3.5 light off

-2

3.0+
——0.20 M Bi +1.0 M BAN, pH9

——20.20 M Bi, pH9
——1.0 MBAN, pH9

2.5+

2.0+

Net Photocurrent / mA cm
P
1

0 5‘0 1(‘)0 1&0 260 2&0 360 3%0 460 4%0

Time /s
Figure 7. CPE measured on MnO, films in different electrolytes at
pH9 under chopped illumination from the back side. Arrows show
the turning of the light on and off. The photocurrent was obtained
by subtracting the dark current from the overall current. Conditions
of test: 1.0 V (vs SCE) under ~9 suns light intensity.

Electrochemical impedance spectroscopy (EIS) was used to
study the charge transfer during water oxidation as shown in
figures S12. The semicircle in the high frequency range for a
particular electrolyte shows no change in the position and the
radius by varying the applied potential, but decreases a little
on illumination (illuminated and dark EIS are compared in
figure S12 a, b, c). The fitted parameters (table S1) show that
the resistance R;, usually related to the resistance of the film
and electrolyte as well as contacts in the circuit,Bs’ *lis smaller
This is
conductivity when a higher

in the mixture and BAN solution than that in Bi buffer.
likely due to the better
concentration electrolyte is used. At low frequencies, another
semicircle appears and its radius under illumination is smaller
than in the dark at higher potentials. This semicircle varies
with applied potential (figure S12a, b, c) and is understood to
be associated with the water oxidation reaction.”® “° A
comparison of the Nyquist plots at 1.0 V, see figure S12d,
shows that the radius of the semicircle at low frequencies is
much smaller (under illumination) in the Bi buffer and BAN/Bi
mixture than in BAN. The fitted parameters indicate a higher
charge transfer resistance (Rp) for the water oxidation reaction
in the BAN electrolyte, as expected from the LSV plot at this
potential (figure 2). The BAN/Bi mixture exhibits the smallest

This journal is © The Royal Society of Chemistry 20xx
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Rp indicating a significant decrease in the water oxidation
charge transfer resistance, as expected from the higher
photocurrents shown in figures 2 and 3.

Figure S12e shows the impedance spectroscopy of the
MnO, films at pH10 at 0.8 V. Two semicircles can be observed
in the impedance spectra for both the BAN and mixture
electrolytes. This indicates that at pH10, where the BAN
solution is self-buffered, there is a similar charge transfer
resistance to that for the mixture. This is again concordant
with the similar photocurrents shown in figure 6.

3.2 Optical Properties and IPCE Measurement

UV-Vis spectrophotometry was used to investigate the optical
properties of the MnO, films, as shown in figure S13 and Figure
8 (blue line). The film exhibits absorption up to 650 nm. The
v)l/2 and (ahv)2 with photon
energy, inset to figure 8, shows an energy gap for the indirect
(2.25 eV) and direct transitions (2.7 eV) in MnO, films, which
are close to literature reports for birnessite MnO, films (2.1 eV

and 2.7 eV, respectively).[zzl Calculations of vacancy-free MnO,

Tauc plot of the variation of (ah

shows that it is an intrinsic indirect band gap material, while
the existence of Ruetschi defects (Mn(lV)) can introduce a
direct excitation.””? Both the indirect band gap energy and
direct band gap energy can be observed in MnO,, as shown in
this research and in the literature.”” The existence of the
indirect band gap is considered to cause a decrease in the
recombination rate of the photo-excited electron-hole pairs,
which can improve the photo-activity (for example, anatase
TiO, which has an indirect band gap usually exhibits a higher
photo-activity than rutile TiO, which has only a direct band

gap)."*
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£ 45
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Figure 8. UV-Vis spectra and IPCE results. (Blue line) Absorption
coefficient was calculated from the transmittance spectra of the
thinnest MnO, film (figure S13). Inset shows the variation of (ozhv)l/2
and (ahv)’ with photon energy for the MnO, film; the horizontal
intercept represents the energy gap of the indirect and direct
transitions respectively. (Red dotted line) IPCE results for the MnO,
film on FTO in 0.20 M Bi buffer +1.0 M BAN electrolyte (pH9). The
test was conducted whilst applying a constant potential of 1.0 V vs
SCE under monochromatic light (1-6 mW cm'z).
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The photocurrents generated under monochromatic light (20
nm bandwidth) were measured at a relatively high potential
(1.0 V vs SCE in 0.20 M Bi with 1.0 M BAN electrolyte at pH9)
to ensure the accuracy of the measurements. The incident
photon to current efficiency (IPCE) is calculated as detailed in
the experimental section, and is plotted as a function of the
excitation wavelength in figure 8 (red dotted line). The IPCE
follows the absorption spectrum, increasing significantly below
450 nm. The highest IPCE of ~4% was achieved at the lowest
wavelength measured (370 nm) and was above 3% at 400 nm.
Thus, the MnO, film more effectively converts
photons to current at the shorter wavelengths. Compared to

incident

the absorption spectrum (blue line in figure 8), the IPCE
spectrum shifts slightly to This
phenomenon has been observed previously in Mnozml and
FEZOg[ao‘ *I and may be due to a predominance of indirect
band-gap transitions under illumination at longer wavelengths,

shorter wavelengths.

which are of lower energy and hence lower the efficiency of
photocurrent generation at these wavelengths.m‘ 49

The IPCE efficiencies determined in this study are much
higher than previous reported values for MnO, which well
below 1%.°” **' The improvement in IPCE

presented herein could be partly due to the optimisation of

remarkable

the MnO, film with respect to thickness, and more importantly
to the significant enhancement in photo-electrochemical
activity afforded by using buffered amine-based electrolytes.
In this study, the photo-electrochemical performance was
mostly recorded under a high light intensity (~9 suns), which is
much higher than that normally used in similar studies (~1
sun).[s' *7In order to study the influence of light intensity, the
steady-state photocurrents at different intensities were
measured, as shown in figure 9. The photocurrent increases
linearly with the light intensity and, over the intensity range
studied, does not show any signs of reaching a saturation limit
of the sort seen in other materials such as CdS.”® The linear
relationship reveals that charge is transferred rapidly at the

. 29 . . .
mterfaces,[ ! otherwise recombination would become more

dominant as it is dependent on the square root of intensity.[zsl
The linear dependence observed here indicates that the
photocurrents generated by the MnO, films can potentially be
further enhanced by working at even higher light intensities.
The photocurrent (J,4) at 1 sun can also be estimated by
integrating the IPCE spectra (Figure 8) from 370-570 nm using
a method detailed elsewhere;[SO] and yields a value of 0.2 mA
cm?™. Under 1 sun illumination, the measured photocurrent at
1.0 V was 0.4 + 0.15 mA cm” (Figure 9). The slightly
underestimation in J,, from the IPCE data partly arises from
the fact that the measurement does not cover the whole solar

spectrum.
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Figure 9. The influence of light intensity on the steady state photo-
current density of MnO, films tested in 0.20 M Bi buffer + 1.0 M
BAN electrolyte (pH9) at 1.0 V vs SCE. Each data point is the mean
of measurements on three different samples (error bar = s.e.m.)

3.3 Oxygen and Hydrogen Peroxide Production

We previously reported that the n-butylamine (BA) cation is
stable without any decomposition or oxidation observed
during water oxidation in dark conditions.™® In order to check
whether BA decomposes under light, NMR spectra of the
electrolyte were recorded before and after water oxidation
under light. The spectra show no evidence of decomposition
products being formed (figure S14) confirming that the
increase in the current density under light does not result from
decomposition of the electrolyte.

Our previous work has shown that H,0, is a significant
product in the buffered amine electrolytes.[ls‘ ¥l The
controlled experiment with commercial H,0, shows no effect
on the onset of the LSV plots of MnO, in the examined
electrolytes (figure S15). To determine the H,0, production
efficiency, a constant potential of 1.0 V vs Ag/AgCl was applied
for 2 hours on the MnQO,, both in the BAN electrolyte and the
mixture (and also in Bi as a control experiment), with and
without illumination. The amount of H,0, was determined by
titration in a UV-Vis cell, as detailed in the experimental
section and literature.”® The H,0, production efficiency,
calculated by using Faraday’s law and assuming a 2-electron
water oxidation process, is shown in table 1. In the dark, the
1.0 M BAN produces 3.1 pmol H,0, in 2 hours, equivalent to a
70% Faradaic efficiency, and the buffer/BAN mixture produces
3.4 pmol H,0,, which indicates a 63% Faradaic efficiency. The
lower than 100% H,0, production efficiency is due to the
further oxidation or decomposition of H,0, to O,, or the

[18] In

competing process of water oxidation to oxygen.
contrast, in the Bi buffer, only O, is produced and no H,0, was
found (table 1), as reported previously under the similar
conditions.™® The plot in Figure S16 shows a combined
Faradaic efficiency of 94+7% for the water oxidation process
(H,O/H,0, + H,0/0,) in the dark, confirming that, within

experimental error, all the current is used for water oxidation.

This journal is © The Royal Society of Chemistry 20xx
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Table 1. H,0, production and Faradaic efficiency (measured at 1.0 V
vs Ag/AgCl)

H,0, production in 2
hours (umol) *

H,0, production
efficiency (%) °

1.0 M BAN, pH9 - dark 3.1+0.1 7013
1.0 M BAN, pH9 - light 2.240.1 271
0.10 M Bi buffer + 1.0
3.440.2 6313

M BAN, pH9 - dark
0.10 M Bi buffer + 1.0

] 3.310.1 2411
M BAN, pH9 - light
0.20 M Bi, pH9 —dark©  -0.06%0.15 -
0.20 M Bi, pH9 —light©  -0.06%0.22 -

® amount of H,0,, measured from by titration in a UV-Vis cell as
detailed in the experimental section and literature.™® ® H,0,
production efficiency calculated as follows: (amount of measured
H,0, ) /( the calculated amount of H,0, by using Faraday’s law and
¢ the
measured amount of H,0, in Bi in dark and under illumination is
just errors, indicating no H,0, produced in Bi.

assuming a 2-electron water oxidation process) x100.

Under illumination, the amount of H,0, produced is similar to
that in dark in both electrolytes, but the corresponding H,0,
production efficiency drops significantly (because the overall
current is increased) from 70% to 27% and from 63% to 24%,
respectively. Furthermore, the combined Faraday efficiency for
0, (75£2%) and H,0, (27+2%) production, determined from
the same experiment under illumination (Table S2), was 100%
(102+4%). This implies that either (i) the photocurrent increase
is principally the result of a direct water to oxygen process[sﬂ
or (ii) the illumination is accelerating the H,0, decomposition
to O, on or near the electrode.® The accelerating effect of
illumination on the decomposition of H,0, on MnO, particles
is confirmed by the results shown in Figure S17. This is in
accordance with the previous results® where illumination
was found to result in rapid decomposition of H,0,.

3.4 Mechanistic Considerations

Much fundamental work has been carried out on the
mechanism of water oxidation by electrolysis. Under alkaline
conditions, the first step in the water oxidation reaction on the
non-noble metal oxides, such as Ni, Mn, Co and SrFeOs; was
proposed to involve a one electron process to form a surface

(Z) bound hydroxyl Speciesz[53' 54]
3 +H,0-> 3-OH +H" +& (equation 1)

Slow oxidative cleavage of the %-OH bond then forms a
peroxide species:[sg’ >

This journal is © The Royal Society of Chemistry 20xx
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3 —OH + OH - Z +H,0, +e (equation 2)

2H,0, - 0,+2H,0 (equation 3)

Once formed, the peroxide (H,0,) will disproportionate into O,

53 . .
531 As summarised in

(equation 3) or be further oxidised to O,.
the schematic diagram in figure 10, In the presence of the
ammonium cation/amine mixture, the H,0,is solvated and its
production thereby enhanced.™ However, irradiation is
known to cause a significant increase in the rate of H,O,
decompositionlsz] in solution. The increased photocurrent
under illumination observed in the present work could
therefore be the result of the decomposition of H,0, to

dioxygen, thus decreasing the steady state H,0, concentration

N

and accelerating the water oxidation reaction.

% + H,0— 3-OH +H* +&
_ Water
l OH Oxidation
Z +H202 +e-
H,0,

decompositioy

Figure 10: Schematic diagram showing the water oxidation reaction

and H,0, decomposition on MnO,.

The CPE measurement with the slow increase at light on and
slow decay at light off (figure 6, S11) clearly illustrates the
influence of illumination on the photocurrent in the presence
of BAN. The detailed photocurrent under CPE measurement
shows it is composed of two parts: an initial fast response
followed by a slow response as shown in figure 11. The fast
photocurrent response can be observed instantly with light on
and light off, followed by another, slower photocurrent
response. Normally, the photocurrent resulting from the
photo-generated electron-hole is determined by the mobility
and separation efficiency of electron-hole pairs, and the
response time varies but does not exceeds several seconds in
normal cases.””® Thus, the fast photocurrent response in figure
S11 is attributed to these photo-generated electron-hole pairs.
However, the slow photocurrent response (30 s during rise and
more than 150 s during decay) is not likely to be due to the
slow mobility/separation of electrons/holes. Notably, the
photo-induced H,0, decomposition usually takes much longer,
as shown in figure S16 and previous studies.”” Hence, the
slow photocurrent response with illumination is probably due
to the decomposition of H,0,. This would also explain why the
slow response (figure 7) is only obvious in the presence of BAN
but not in Bi buffer. As a result, the effect of the light on the
photocurrent is improved not only improving the MnO, activity
but also by accelerating the H,0, decomposition.
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Figure 11. Transient photocurrent of a MnO, film in Bi+BAN at 1.0 V
with light on and light off. The photocurrent is composed of a fast
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reponse and slow response, marked as blue and pink, respectively.

In addition to the BAN contributing to the high photocurrent,
the buffered conditions have a strong influence on the
generation of a high photocurrent. This effect of buffering on
maintaining a high water oxidation activity is also reported for
a cobalt based catalyst.[sﬂ The 1.0 M BAN solution (10 ml) at
pH9 contains 1.2 mol% (120 umol) of free amine, while the 1.0
M BAN at pH10 contains 11.2% free amine (1120 umol). As the
pKa of butyl amine is 10.59 and the range of pKatl can be
considered as the effective buffer region, the BAN at pH10 can
be expected to act as a buffer while the BAN at pH9 has very
low buffer capacity. In the un-buffered BAN electrolyte, the
accumulation of H' on the surface generated via equation 1
(6.22 umol over 2hrs) is small compared with the excess amine
in the bulk electrolytes, but it could significantly influence the
local proton activity on the surface (for example there is only
1.5 umol excess amine in a 0.5 cm thick diffusion layer at the
electrode). Thus, a decrease in the local pH could occur on the
catalyst surface. As the photo-electrochemical water oxidation
is pH dependent (Eq (V) =1.23 - 0.059 x pH), the decrease in
local pH results in a decrease in the effective overpotential.
This in turn decreases both the dark and photocurrent as
shown in BAN at pH9. On the other hand, in the pH10 BAN
electrolyte, which has sufficient proton-accepting capacity, the
pH on the surface is more stable than in the un-buffered
electrolytes. Thus, the buffered BAN electrolytes (i.e., pH10
BAN and pH9 BAN with Bi) exhibit much higher photocurrents
than the un-buffered (pH9) BAN. Notably,
examining the contributions of the added borate buffer vs

experiments

bicarbonate buffer indicated that these function in a similar
way in maintaining high photocurrents.

An important aspect of this study is the linear relationship
between light intensity and photocurrent that is maintained at
intensities as high as 9 suns. This is much higher than the
normal illumination conditions (~1 sun).[G‘ 2930320 1+ hag been

reported that the photocurrent typically shows a linear

10 | J. Name., 2012, 00, 1-3

relationship at low light intensities, but becomes proportional
to the square root of light intensity for TiOz,m] or reaches a
saturation in the case of Cds”? at higher illumination
intensities. Fe,03 studies have shown a linear relationship at
low photocurrent density (< 1 mA cm'z).[zg' 2! |n this study,
however, the MnO, film shows no limit in photocurrent, even
under strong illumination and reaches a high photocurrent at
~9 suns (~ 4.5 mA cmZat n = 540 mV, as shown in figure 5a).
Although Fe,03; and BiVO, are highly photo-active, their
intrinsic water oxidation activity is not as good as the OECs,
such as Co—Pi,m MnOXB’ 1 and NiOx.m Thus, a second phase
serving as an OEC has been incorporated with the Fe203[49‘ *Elor
BiVO4[25’ 3159 to enhance their overall photo-electrochemical
water oxidation performance. The advantage of MnO, as the
photo-anode is that it is not only photo-active as shown in this
paper, but is also a highly active and earth-abundant water
oxidation catalyst.B‘ 16l Thus, high photo-activity and water
oxidation performance could, in principle, be achieved on a
single MnO, material, recalling that the band gap in MnO, is
~2.0 V. Further improvements, in particular in the photo-
voltage generated, might stem from further studies of the
photo excitation process in MnO,, as has been achieved in

recent years with FezO3,[6' 28, 29, 60]

4. Summary and Conclusions

This work has examined the photo-electrochemical
performance of MnO, with respect to the water oxidation
reaction. Investigations of the effect of film thickness,
substrate, illumination direction and electrolyte on the water
oxidation reaction have led to the following findings:

1) Water oxidation performance on MnO, can be improved
by illumination, the buffered liquid

electrolytes significantly enhance the photo-electrochemical

and amine ionic
activity by producing H,0, and O, at the same time.

2) The photocurrent generation can in part be attributed to
accelerated decomposition of H,0, under light.

3) The highest photocurrent is achieved on MnO, films with
a thickness of 4 um.

4) The photocurrent is linearly dependent on light
intensity.

This study provides an alternative method to improve the
photo-activity in water oxidation catalysis. It shows that MnO,
is not only a very good electro-catalyst, but is also a promising
photo-anode for water oxidation. Further investigations of the
relationship between photo-activity and the crystal structure,
and

morphology, electronic charge transport

behaviour could contribute to yet further improvements in the

structure,

photo-electrochemical performance of MnO,.
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