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Visible light promoted photocatalytic water oxidations for potential solar fuel production have been studied
widely, with many reports on optimization of reagent components. Here we report an exploration on the
effects upon ongoing reactions of daylight equivalent light intensity illumination with regulated
short dark periods of a few seconds duration as compared to standard continuous illumination.
Comparison was made with systems employing synthesized low cost earth abundant iron oxide,
calciumoxomanganite and cobalt oxide nanoparticulate catalysts together with a [Ru(bpy)sl®® light
harvesting dye and an electron acceptor. Yields of gaseous O, and proton production were measured
in situ and in real time. The study found that low cost catalysts could give very significantly increased O,
yields, turn over frequency and improved reaction profiles by use of simple on/off illumination. A range
of timings with identical overall photon flux were tested and an optimum determined. Analysis of effects
upon the light sensitizer under the range of lighting conditions (through mass spectrometry and UV-vis

measurements), together with implementation of a continuous flow system as comparison to the batch
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Accepted 23rd September 2017 reactions, were all employed to help elucidate the mechanisms for the clear improvements in reaction

yields observed. These are believed to stem from reduction in self-decomposition of excess oxidized

DOI: 10.1039/c75e00304h sensitizer and better synchronization of cyclic sensitizer oxidation/reductions with water oxidation at the
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Introduction

In tandem with solar photovoltaics, the capture and storage of
energy in the form of convenient, inexpensive liquid fuels is an
essential goal but remains technically challenging. The design
of solar-fuel generation systems with the required efficiency,
scalability, and sustainability to be economically viable has
clear benefits. Artificial photosynthesis utilizing processes that
are akin to photosystem II (PSII) water oxidation linked with
development of photosystem I (PSI)-like systems with the
necessary adaptions for solely liquid fuel production is a vital
technological aim for generation of liquid solar fuels.*”

Water oxidation typically utilizes the photocycling light
absorbing dye [Ru(bpy);]**. The metal-to-ligand charge-transfer
(MLCT) visible absorption region of the [Ru(bpy);]*" light
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metal oxide surface at specific light on : off timing.

sensitizer is at ~410-510 nm (Aax 454 nm) (Fig. 1 inset). Hence
for this light dependant component of the cyclic reaction,
shorter wavelength visible light is effective in promotion of
ruthenium d orbital electrons onto orbitals associated with
a bipyridine ligand to give an excited state Ru(bpy);>"* (with
relatively long lifetime of ~0.65 pS in N, degassed aqueous
solution).* An electron acceptor ((Co(NHj3)sCl)Cl,) quenches the
excited state [Ru(bpy);]***, giving [Ru(bpy);]**.* Somewhat akin
to natural photosynthesis, light independent steps then occur
in which an electron donated from a metal oxide catalyst
restores the stable [Ru(bpy)s]”" state, and absorbed water is
subsequently oxidized on the metal oxide surface with the
release of O, and protons. This catalysed oxidation is reported
to be the rate limiting step for final generation of gaseous
oxygen.*’ In total, four photons generate four protons and one
O, molecule.>*?

2H,0 + 4hy — 0,1 + 4H" (to buffer) + 4e~ (to Ru**/e ™ acceptor)

Previously, we have investigated the effect of catalyst
composition and a range of daylight equivalent light intensities
at constant levels over a reaction lifetime.'® Recently we re-
ported an observation that indicated constant illumination of
fluctuating intensity could alter yields and turn over frequency
(TOF) significantly.”* In this article we have significantly
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Fig.1 (a) Graph of released O, (umol) against time for photocatalyzed

water oxidation using a a/y-Fe,Os catalyst, Ru(bpy)s2* light harvester
and [Co(NH3)sClCl, electron acceptor reaction mixture employing
a blue LED (Amnax 448 nm)@5 mW cm™2 light source of continuous or
repeated light on : off cycles (s:s) of (a) continuous; (b) 12 :1; (c)
24 :2; (d) 36:3; (e) 48 :4. (b) Graph of pH change of for Fe,O3
systems using repeated light on : off cycles (s : s) of (a) continuous; (b)
12:1:(c)24:2; (d) 36 : 3; (e) 48 : 4.

developed on this underexplored theme. A range of earth
abundant and low cost metal oxide catalysts were compared,
including a commercial nanoparticulate Co;0, as a known high
performing catalyst.”> The system employed a LED light source
controlled with a high accuracy electronic on/off timer. Initially
a wide range of timings were used to locate an optimal zone for
improved activity, further refinements then pinpointed the
optimal timing for maximum efficiency.

Mass spectrometry (MS) and UV-vis spectroscopy analysis
were used to determine relative levels of light sensitizer
decomposition and to elucidate mechanisms for the improved
efficiencies. In comparison to reactions under constant illumi-
nation, an approximate doubling of gaseous O,, proton yield
and measured TOF was obtained when optimized timing was
used for reactions that were otherwise identical.

Experimental
Preparation of metal oxide catalysts

Nanoparticulate iron oxide (o-Fe,O5-hematite/y-Fe,O; maghemite)
and calcium oxomanganite (CaMn3;Os) were prepared as previ-
ously reported."* Details of the synthesis are given in the ESLT
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Comparison also included use of a commercial nanoparticulate
Co;0, (Sigma-Aldrich 637025, measured Sger = 35.8 m*> g~ ).

Characterization

Powder X-ray diffraction. Powder samples were analysed
using a Bruker D8 powder X-ray diffractometer (CuKa) with
a PSD LynxEye Detector. Metal oxides employed were confirmed
as o/y-Fe,Oz (hematite, JCPDS 013-0534) with a trace level of
maghemite, (JCPDS 024-081), calcium oxomanganite CaMn;Og
(ref. 14) and cobalt oxide (Coz;0,, JCPDS 00-042-1467) (see
Fig. S1a-c ESIt).

Surface area analysis (BET). Calculated Brunauer-Emmett-
Teller (BET) specific surface areas from gas sorption (N,, 77 K)
were measured on Micromeritics 3-Flex gas sorption analyser.
Before the analysis, the sample was pre-degassed at 150 °C for 8
hours under vacuum (102 mbar) in an oven and then degassed
at 200 °C for 12 hours under dynamic high vacuum (10~° mbar).
BET N, adsorption surface area measurements gave surface
areas of 36.3 m> g ', 4.72 m? g " and 61.3 m> g * for the Fe,0s3,
CaMn;0¢ and Coz0, samples respectively.

Emission spectra. Visible light emission spectra from the
LED light source was measured using a Perkin-Elmer LS55
Luminescence Spectrometer in phosphorescence emission
mode with the LED light directed via an optical fibre used in
place of the spectrometer light source. WinLab Version 4.00.03
software via a linked PC was used for collecting data.

FIA-QTOF mass spectrometry analysis. The flow injection
analyses (FIA) were conducted using a MaXis HD electrospray
ionization quadrupole time-of-flight (ESI-QTOF) mass spec-
trometer (Bruker Daltonik GmbH, Bremen, Germany) which
was coupled to an Ultimate 3000 UHPLC (Thermo Fisher
Scientific, California, USA). Analyses were performed using ESI
positive-ion mode. The capillary voltage was set to 4500 V,
nebulizing gas at 4 bar, drying gas at 12 L min~" at 220 °C. The
time of flight scan range was from 50-750 mass-to-charge ratio
(m/z). Mobile phases A and B comprised MS-grade water (Merck)
and methanol (Merck), respectively. Flow injections were set up
to introduce 10 pL of sample with 50% B mobile phase at a flow
rate of 0.05 ml min~'. The MS instrument was calibrated using
a range of sodium formate clusters similarly introduced during
FIA by 10 pL loop-injection. The mass calibrant solution con-
sisted of 3 parts of 1 M NaOH to 97 parts of 50:50
water : isopropanol with 2% formic acid. The observed mass
and isotope pattern matched the corresponding theoretical
values as calculated from the expected elemental formula
within 2 ppm mass accuracy. Data processing was performed
using the Compass Data Analysis software version 4.3 (Bruker
Daltonik GmbH, Bremen, Germany).

UV-visible absorption. Samples in methanol were placed into
a quartz cuvette before being examined by a Perkin Elmer
UV/VIS/NIR Lambda 750S spectrophotometer at absorption
wavelengths between 350-700 nm and a speed of 240 nm per
minute. The reference used was methanol.

Visible light promoted water oxidations. Full details of the
experimental conditions and equipment are described in the ESL.}
Briefly, a 50 ml glass flask was taken and 125 mg (0.01426 mol) of

This journal is © The Royal Society of Chemistry 2017
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[Co(NH;)sCI]CL, (98%) electron acceptor and 45 mg (1.717 X
103 mol) [Ru(bpy)s]Cl,-6H,0 (99.95%) sensitizer were added
together with 20 ml of N, degassed 50 mM acetate buffer (pH 5.2).
The reaction flask was covered with foil to shield from light and
stirred for 5 minutes to allow the electron acceptor to fully
dissolve. 10 mg of the metal oxide catalyst suspended in a further
15 ml of degassed buffer was then added to the reaction flask. The
light shielded flask was then left stirring for 20 minutes for the
system to equilibrate.

A 3 W LED was utilized as light source, placed at distance
from the side of the flask such that a measured emission of 5
mW cm 2 intensity of blue light (A, 448 nm) reached the outer
flask surface adjacent to the stirred reaction mixture. A constant
DC voltage/amp supply coupled with a timer module (accurate
to £0.005 s) was used to control LED illumination on : off
periods. In situ real-time measurement of gaseous O, released
into the flask headspace was conducted using an accurate
optical sensor system. Increase in O, ppm into the known
headspace volume was used to calculate pmolO, generated. A
pH probe placed within the stirred reaction mixture recorded
pH change.'*** Efforts were made to ensure high consistency
between reaction measurements, which were made in triplicate.
Yield and profiles for repeat experiments were consistent and
representative profiles shown. Collection of samples and dilu-
tions in methanol for MS analysis are detailed in the ESI
Experimental section.f

Flow system for photocatalytic water oxidations. Full details
of the experimental set-up are given in the ESL.t A stirred 350 ml
reservoir of prepared N, degassed 50 mM acetate buffer con-
taining [Co(NH;)5Cl]Cl,, [Ru(bpy);]Cl, - 6H,0 and Co;0, catalyst
were used, at equivalent proportion to the 35 ml bulk reaction
mixture. The reaction mixture was passed through the 1.5 mm,
ID flow reactor in discrete 0.022 cm® segments (separated by air
segments). A 60 cm section of coiled tubing was illuminated by
the LED at a measured 5 mW cm” at the tube surface resulting
in 1 min 58 s reaction time (net flow rate 750 pl) when illumi-
nated constantly. pH and O, concentration were measured
continuously, since the reaction volume was only 0.022 cm?,
fluctuations in O, levels could only give an indication of
changes. Cycles of 30 min illumination and 10 min dark were
employed to ascertain the time to steady state of the photo-
water oxidation.

Results and discussion
Intermittent light reactions with Fe,0; as catalyst

Initial experiments employed a simple ao/y-Fe,O; as catalyst in
the reaction mixture to locate the optimal zone and period of
on: off (both in seconds) illumination in comparison to
constant illumination. Fig. 1a shows gaseous O, generation and
yield profiles for differing lighting conditions for 60 min
photoreactions. Use of intermittent light at 4:1 and 6:1
on : off (s : s) was detrimental for reaction rates (not shown), at
12:1 (s:s) the initial reaction rate matched that of the
continuous system before overtaking after ~16 min and overall
only very marginal improvement was obtained, presumably
because light influx was interrupted too frequently at these

This journal is © The Royal Society of Chemistry 2017
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on : off illumination settings. Conversely at 48 : 4 (s:s), the
dark periods were apparently overlong. In both these instances
the timings were far from optimally tuned for improvements to
the reaction mechanism. It should be noted that the intermit-
tent light timings shown had fixed on: off ratios and thus
identical overall photon flux.

Significantly, at 36 : 3 and 24 : 2 on : off (s : s) timings cycled
for the 60 min reaction duration the measured profiles clearly
showed a marked increase in initial rate together with
a prolongation of reaction lifetime. This was reflected in
increased O, yield and TOF over the first 30 min. At 24 : 2 (s : s)
timing a yield of 120 pmol O, and TOF of 5.57 x 10~ * s~ " was
obtained, the oxygen yield was close the theoretical maximum
of 125 pmol based on electron acceptor concentration. Also, for
the optimal timings, the reaction profiles continued to show
a slight upward incline at longer time as opposed to the leveling
off shown with the other systems.

From the light dependant sensitizer redox cycling, decom-
position of the [Co(NH;)5Cl]|Cl, electron acceptor with evolution
of ammonia results in pH rise for the photocatalytic system.
Corresponding pH measurements for the reactions are shown
in Fig. 1b. A trend of more rapidly increasing and higher final
pH was shown for the less efficient reactions. Highest pH was
obtained with intermittent light at 12 : 1 (s : s) followed by the
continuously lit system. Systems using 36:3 (s:s) and 48 :4
(s:s) gave near identical pH profiles however the best per-
forming 24 : 2 (s : s) showed a smoother upward pH trend with
lower final pH of 6.75. With a more optimized water oxidation
process the proton production may have led to reduced pH rise
for this system. It is known that the oxidised sensitizer
(i.e. [Ru(bpy)s]*") is unstable and prone to hydroxyl attack on the
bipyridine rings at pH > 7 which contributed to shutdown of the
reaction at higher pH.**"”

Intermittent light reactions with CaMn;Og as catalyst

The photocatalytic reactions were repeated using a synthesized
CaMn;0O¢ catalyst as a basic analogue of the PSII Oxygen
Evolving Centre (OEC) CaMn,Os cluster.'®** In previous work we
have identified that a crystalline calcium oxomanganite with
formula of CaMn;O¢ was the most efficient under the reaction
conditions used.*® Experiments were conducted using contin-
uous illumination and using a range of timings around the
optimal 24 : 2 (s:s) identified with the iron oxide system. A
graph of O, yields against time and corresponding pH
measurements using these conditions is shown in Fig. 2a and b.
Firstly, the results indicate that the optimal zone for improved
reaction rate was quite narrow and within 0.5 s. Using 24 : 1.5
(s : s) gave little improvement compared to continuous illumi-
nation. Longer dark periods of 2.5 s produced a more marked
improvement but a clearer increased yield was obtained at 24 : 2
(s:s) timing, producing 120 pmol O, and having a TOF of
7.34 x 10 s

For this system the best performing 24 : 2 (s : s) illumination
system gave highest final pH in contrast to the a/y-Fe,O; cata-
lysed system. Quantitative EDX analysis of the CaMn;0s catalyst
after stirring in pH 5.5 acetate buffer for 10 min showed

Sustainable Energy Fuels, 2017, 1, 2101-2109 | 2103
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Fig. 2 (a) Graph of released O, (umol) against time for a photocatalytic
system using CaMnzOg as catalyst and light using repeated light on : off
cycles (s : s) of (a) continuous; (b) 24 : 1.5; (c) 24 : 2; (d) 24 : 2.5. (b) Graph
of pH change for CaMnzOg reaction systems using repeated light
on : off cycles (s : s) of (a) continuous; (b) 24 : 1.5; (c) 24 : 2; (d) 24 : 2.5.

a reduction in relative calcium levels with measured at%
Mn:Ca 3.1:1 changing to 3.9:1 due to preferential Ca
dissolution from the catalyst (Fig. S2 and Table S1 ESIT). Thus,
the difference in final pH of the photoreaction can be ascribed
to some protons being diverted to attack on the calcium
component of CaMn;Og crystals.

Intermittent light reactions with Co;0, as catalyst

As a final evaluation, the reactions were conducted employing
a commercial nanoparticulate Co;0,4 using continuous and the
optimal 24 : 2 (s : s) timing identified (Fig. 3a and b). Under the
reaction conditions used with continuous light the catalyst
performed relatively well compared to the other systems. Using
24-2 timing an improvement was still evident however, though
to a lesser degree. pH profiles were near identical, suggesting
that with intermittent light the Co;O, proton production
process contributed to suppressing pH rise.

Reaction conditions, umol O, and calculated TOFs and
quantum yields (¢) for the measurement for the three catalysts
are shown in Table 1. The a/y-Fe,O; catalyst demonstrated the
most marked increase in TOF under optimal (24:2 (s:s))
intermittent lighting showing with a 2.31 times increase,
CaMn;0g catalysis gave 1.91 and Co;0, a 1.51 times increase.
The TOF improvement was thus a function of intrinsic catalysis
effectiveness with the scope lessening for more active catalysts.

Since the CaMn;Og catalyst has been shown to be subject to
compositional change during the photo-reaction, the use of active
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Fig.3 (a) Graph of released O, (umol) against time for a photocatalytic

system using CozO,4 as catalyst and light using repeated light on : off
cycles (s : s) of (a) continuous; (b) 24 : 2. (b) Graph of pH change for
Co3z04 reaction systems using repeated light on : off cycles (s : s) of (a)
continuous; (b) 24 : 2.

site area for rate calculations may be misleading, a photonic
method was thus employed. Previous work indicated that levels of
in situ generated cobalt oxides and hydroxides from electron
acceptor decomposition that can contribute to O, generation
becomes significant after approximately 40 min." Therefore total
O, yields at 40 min was used for yield and ¢ calculations.

Mass spectrometry analysis

To help elucidate the mechanism for the significantly improved
reaction efficiencies observed in these systems, mass spec-
trometry analysis was conducted on the post reaction CaMn;Og¢
and Fe,O; mixtures formed using continuous and intermittent
lighting. Methanol was used as the MS carrier solvent, thus
allowing more distinct analysis of the highly soluble
[Ru(bpy);]** component. A brown coloured deposit also gradu-
ally formed on the illuminated flask surface. In this photo-
aquation process bipyridine ligands are displaced from the
ruthenium and can be observed to accumulate in the form of
a low water solubility hydrocarbon rich coating.''”** This was
also quantitatively collected and analysed by MS to provide an
assessment of the entire reaction timescale.

Mass spectrometry of CaMn;0, reaction mixtures

MS analysis of the reaction mixture prior to illumination is
shown in Fig. S3a ESI,T a large [Ru(bpy);]*" z = 2 peak at m/z

This journal is © The Royal Society of Chemistry 2017
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Table1 Maximum net O, generated, calculated TOFs (TOF as mol O, per s per mol (active) metal). Quantum yield ¢ O,% = O, produced at t =

0O,max@40 min per photons absorbed at t = 40 min x 400% (4 photons absorbed per O5). Sget, M2 g~
= 35.8. Light source = blue LED (Anax 448 nm), linked to on/off timer unit, intensity of 5 mW cm™

shown in the ESI{)

L o/y-Fe,05 = 36.3, CaMns0g 4.72, Coz0,4
2 at flask surface (example calculations are

Light conditions 0, yield TOF ax ¢ 0,% at

Catalyst (10 mg) cyclic on : off (s : s) (at ¢ = 40 min) umol (t = 0-20 min) 10 * s * t = 40 min
a/v-Fe,O3 Continuous 52 2.41 14.4
a/v-Fe,O3 12:1 61 2.92 18.4
o/y-Fe,0s 24:2 116 5.57 35
o/y-Fe,0s 36:3 9 4.36 29.1
o/y-Fe,0, 48: 4 61 2.93 18.5
CaMn;0q Continuous 64 3.84 17.8
CaMn;04 24:1.5 70 4.43 20.7
CaMn;04 24:2 117 7.34 35.3
CaMn,0, 24:2.5 86 5.25 26.6
Co050, Continuous 80 4.1 22.3
Co,0, 24:2 119 6.2 35.9

285.05 with surrounding Ru isotope peaks was measured.
Photocatalytic reactions resulted in emergence of multiple
peaks ranging from 96 up to 610 m/z, full scale spectrograms are
shown in Fig. S3b-e ESI.T Key features of the spectrometry can
be seen associated around the intact [Ru(bpy);]**. Fig. S4 ESI{
shows a Ru isotope separation of 0.5 Da further confirming the
2" jon charge. The adjacent decomposition product at m/z
282.279, was a saturated hydrocarbon of composition C;3H35NO
(H") without Ru present, as indicated by isotope mass analysis
(Fig. 4a-d).

Notably [Ru(bpy);]*": C1sH3sNO peaks are either equivalent
or decomposition product rich with the poorer performing
continuous and 24:1.5 (s:s) timing system. The converse
situation was obtained at 24 : 2 (s : s) and 24 : 2.5 (s : s) timing

;5%55

T “’n\m
c BN 1d

[RU(bp“y)slz’ CuttalO

(miz 26228) iy

.

Fig. 4 Mass spectrometry analysis of post 60 min photocatalytic
reaction mixtures using CaMnsOg catalyst, [Ru(bpy)sl®* and
[Co(NH3)sCUCLl, reaction mixture with light source of continuous
illumination or intermittent on : off (s : s) of (a) continuous; (b) 24 : 1.5;
(c) 24 : 2; (d) 24 : 2.5. Intact m/z [Ru(bpy)s]®* (z = 2) peak at 285.054
was evident in all reactions mixtures together with multiple decom-
position product peaks, notably at m/z 282.279, 256.263, 249.109 and
227.12. Inset shows possible structure of the major decomposition
product and an associated fragment.

U Ty e

'''''' e[l
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with highest intact [Ru(bpy)s]**
24 : 2 (s : s) system (Fig. 4c).

present in the best performing

Mass spectrometry of CaMn;O reaction flask deposits

An example image of the rinsed post-reaction flask and filtered
deposits collected in methanol are shown in Fig. 5a-c. Mass
spectrometry analysis of the lower water-soluble deposits
collected from the flask surface were rich in hydrocarbon
deposits formed from degradation of reagents. MS results from
analysis of deposits from the CaMn;Og catalysed system with
continuous light and 24 : 2 (s : s) timing are shown in Fig. 5d
and e. Results show a greater relative level of decomposed
material present when continuous illumination was employed

-!
s@;

Fig. 5 Images showing (a) reaction flask with accumulated surface
coating after continuous illumination of photocatalytic reaction with
CaMnzOg catalyst, [Ru(bpy)3]er and [Co(NH3)sClICl,. Filtered solution
of flask deposit collected in methanol from reactions using (b)
continuous illumination; (c) 24 : 2 (s : s) on : off. Mass spectra of the
deposits corresponding to continuous and 24 : 2 (s:s) lighting are
shown in (d) and (e). Peaks due to multiple fragments of decomposi-
tion products are shown to be of higher intensity in continuous illu-
minated systems whereas the presence of intact [Ru(bpy)s]®* in the
intermittently lit 24 : 2 (s : s) system is shown.

Sustainable Energy Fuels, 2017, 1, 2101-2109 | 2105
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with no [Ru(bpy);]*" detectable. In contrast, intact sensitizer at
m/z 285.055 was clearly present with 24 : 2 (s : s) timing. Other
major decomposition product peaks were present at m/z
610.184, 536.165, 462.146 and 217.046 which correspond to
C35H,0N110, C30H,,NO,, CyoH; 6N, and CgHsNgO, by isotope
mass analysis.

A similar trend of relatively elevated levels of hydrocarbon
deposits using continuous light was obtained with the other
catalysed reaction systems (Fig. S5 and S6 ESIT).

Overall the coating that formed on flasks from the photo-
catalysis was noted to be slightly darker coloured for reactions
conducted using continuous illumination. However, coating
build-up on the flask was gradual and the blocking effect of
incoming light was not significant on early stage crucial reac-
tion rates. The collected MS data indicates that intermittent
light at 24 : 2 (s : s) and 24 : 2.5 (s : s) timings resulted in less
decomposition of the [Ru(bpy);]*" sensitizer, thus promoting
a more efficient reaction. The MS data also suggest that the self-
decomposition of the oxidised unstable [Ru(bpy);]** to hydrox-
ylated derivatives occurred via detachment of ruthenium
combined with loss of the heterocyclic nitrogens.

Saturated hydrocarbons depleted in N were present at lower
mj/z, with some possible N rich compounds formed at high m/z,
e.g. C35H,0N1;,0 at m/z 610.184. The multi-peak isotope pattern
for ruthenium is distinctive and no other fragments and
decomposition products containing Ru were evident and it can
be concluded that Ru oxides released from the decomposed
[Ru(bpy);]** gradually formed insoluble aggregates along with
some in situ generated cobalt oxides which were all removed by
filtrations prior to MS analysis."

UV-visible spectroscopy analysis

A UV-visible absorption spectrum for the [Ru(bpy);]** MLCT
band in methanol overlaid with the emission spectrum of the
blue LED light source used in this study is shown in Fig. 6a.

The absorption spectra of carefully quantitatively gathered
reaction mixtures after 60 min photocatalytic reaction using
Fe,O; or CaMn;Oq as the catalyst with continuous and inter-
mittent light timings are shown in Fig. 6b and c.

The absorption profiles are near identical in shape; however
a greater absorption was obtained for systems that employed
a timing of 24-2 (s : s). This agrees with the MS analysis which
indicated more intact sensitizer was retained with intermittent
lighting.

Low reaction volume flow-system photocatalytic water
oxidation

Electron transitions, transfers and sensitizer excited state life-
time are on the order of micro/pico seconds, however it is re-
ported that on illumination a sensitizer solution takes on the
order of a few seconds for the major bulk of molecules to
become oxidized.”

This timescale is due to circulation of reagent molecules
around the illuminated surface. For the flask bulk reaction we
have demonstrated that dark periods of a few seconds resulted
in marked effects in reaction rates. This timescale can thus be
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Fig. 6 UV-visible absorption spectra of (a) (i) [Ru(bpy)s]Cl, in methanol
(Amax 450 nm) and (ii) LED light source emission (Anax 448 nm); (b)
reaction mixture after 60 min photocatalytic reaction with Fe,Os3
catalyst, [Ru(bpy)sl®* and [Co(NHs)sClICl, using illumination of (iii)
continuous light; (iv) 24 : 2 (s : s) on: off. (c) Reaction mixture after
60 min photocatalytic reaction with CaMnsOg catalyst, [Ru(bpy)s]>*
and [Co(NH3)sClUCL using illumination of (v) continuous; (vi) 24 : 1.5
(s :s); (vii) 24 : 2 (s : s); (viii) 24 : 2.5 (s : s). Highest sensitizer absorption
was obtained for the systems that employed the 24 : 2 (s : s) timing.

ascribed to diffusion rates of reagent molecules in various
oxidation states. To help elucidate the mechanism for improved
reaction rate a segmented flow system using very low reaction
mixture volumes was designed and tested. Here segments of
0.022 cm’ reaction solution were separated by air to prevent
sedimentation of particles and back-mixing and generate mix-
ing within each segment. Flow systems have been widely
employed for photocatalytic degradation of water pollutants
and for hydrogen production from photocatalyzed TiO,/Pt water
flow systems.*>**

Used here, the flow system permits a continuous reaction
under illumination. The reaction set-up employed is illustrated
in Scheme 1 and Fig. S7, S8a and b ESLf{ For this system,
continuous lighting and a fast intermittent light 0.06 : 0.005
(s : s)on : off (ratio corrected from above batch method of 24 : 2
(s:s)) were used and effects upon reaction mixture pH and
indication of O, yields measured. A graph of measured pH and
relative gaseous O, released by the continuous flowing reaction
mixture under the differing lighting conditions is shown in
Fig. 7aand b.

Effects of intermittent illumination

[Ru(bpy);]** has been extensively employed as the light
harvester for photocatalytic water oxidations and is a costly

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Flow system set-up for continuous photo-catalysed water
oxidations using [Ru(bpy)s]2*, [Co(NHz)sClICl, and CozO4 catalyst in
350 ml of N, degassed 50 mM acetate buffer at pH 5.2. Illumination of
5 mW cm? at the surface of 60 cm of coiled section of tubing which
contained 0.022 cm?® sections of reaction mixture separated by air
gaps pumped at 750 ul min~t. pH and approximate elevation of O,
levels were recorded.

component of the reagent mixture. Improvements in reaction
efficiency due to its reduced degradation has clear benefits for
its use in sustainability applications.

Analysis by mass spectrometry showed intact [Ru(bpy)s]**
was maintained with use of optimized intermittent lighting and
was the probable source for the improvements observed. It is
suggested that providing regular short dark moments tempo-
rarily shuts down formation of Ru(bpy);*". This allowed water
oxidation to progress more fully on the metal oxide and also
periodic reduction or elimination of self-degradation of excess
oxidized light sensitizer. Increased relative dark periods were
found to be detrimental. Conversely, infrequent light interrup-
tion gave little difference compared to constant illumination.
Thus, a balance of dark periods whilst also maintaining the
ongoing photoreaction with sufficient illumination was neces-
sary. Changes in reaction pH are complex as proton generation
from the water oxidation was opposed by generation of

©

gl bbb b b b b

| Light-on |Light-‘ Light-on ’
off

Lighting
timings
— Cont.

— 24:2(s)
=~ 0.06:0.005(s)

I e e e A o
0 10 20 30 40 50 60 70 80 90 10
Time (min)

S

LB o o o
20 30 40 50
Time (min)

Fig. 7 Flow system showing (a) change in pH after light on/off and
time taken to reach steady state for systems with tubing illuminated
continuously, for 24 : 2 (s : s) and 0.06 : 0.005 (s : s) on : off. 10 min
light off periods were also used to show time taken to reach steady-
state; (b) measured increase in gaseous O, concentration over base
level, the low reaction mixture volume was reflected in variability of
readings, however a trend of increased O, release with fast intermit-
tent timing was indicated.
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Scheme 2 Representation of visible light promoted photocatalytic
water oxidation. In comparison to continuous illumination, intermit-
tent lighting allowed the rate limiting water oxidation at the metal
oxide surface to keep pace better with the light promoted sensitizer
redox cycle. We suggest lessened excess oxidized sensitizer self-
decomposition (into hydroxylated bipyridine derivatives) and overall
improved synchronization of the cyclic reactions with interrupted
lighting promoted reaction efficiency.

ammonia from decomposed electron acceptor. With CaMn;Og¢
catalyst, diversion of generated protons to attack on the calcium
component appeared significant as the best performing system
resulted in highest final pH. For the other catalysts proton
generation counteracted ammonia formation with final pH
remaining below 7. Benefits of using dark periods are inversely
proportional to catalyst efficiency, since less excess oxidized
sensitizer will be present with more active catalysts. Scheme 2
shows a proposed schematic representation of the photo-
catalytic water oxidation system under continuous and tuned
intermittent lighting. Under continuous illumination excess
oxidized sensitizer can accumulate and undergo degradation,
with intermittent illumination flow of electrons from the metal
oxide matches to oxidized sensitizer levels more effectively
lessening the sensitizer degradation pathway.

The comparison of batch versus flow system firstly showed
that the limitation of reaction duration can be largely elimi-
nated by the continuous flow assembly. Secondly the results
were in accordance with batch system since the fast 0.06 : 0.005
(s:s) on: off was equivalent to gaseous O, output as contin-
uous lighting (Fig. 7b). Steady state pH was lessened compared
to continuous light which can be ascribed to increased proton
output counteracting electron acceptor ammonia generation, as
was found with Co;0, catalysed batch systems.

Conclusions

Simple non-rare earth catalysts were prepared with a short
calcination synthesis using biopolymer templates. It is notable
that the templating synthesis resulted in some enhancement of
the hematite (110) relative to the (104) plane (compared to
normal bulk hematite), (110) enhancement is associated with
improved water splitting ability.>*

Sustainable Energy Fuels, 2017, 1, 2101-2109 | 2107
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Under normal photocatalysis conditions abundant metal
oxides are moderately active in comparison to toxic and/or
costly rare earths (e.g. IrO,)."” Previously, photo-water oxida-
tions using light at a range of intensities (fixed for the duration
of each reaction) resulted in lower TON, O, yield and increased
lag time.' In this work, photoreactions using the hematite
catalyst employed intermittent light at fixed on : off ratios and
activity of the catalysts markedly increased at optimum timings.
Thus, differences in efficiency cannot simply be ascribed to an
overall lowered light intensity reducing sensitizer decomposi-
tion. This is because the differing ratios gave altered O, yields
and pH effects, even though overall photon flux was identical.

A dark period that matches reagent to diffusion rates and
levels of oxidized sensitizer can be expected to be optimal.
Interestingly, this technique can particularly be of benefit with
low cost earth abundant catalysts more as these tend to be less
active compared to more efficient but costlier rare earth based
catalysts.

For use with natural sunlight, readily available fast switching
liquid crystal shutter panel systems can control optimized
intermittent light delivery onto a reaction vessel or continuous
flow tube.

[Ru(bpy)s]** is also increasingly being employed as photo-
redox agent in for example organic catalysis,” photo-
pharmacology,”® natural product synthesis,” amine oxida-
tions®® and biochemical couplings such as C-S click reactions.*
Therefore, the effects of intermittent light source illumination
has implications for these wider uses in terms of reaction
pathway and improved yields.

Hydrogen generation is readily achieved using well estab-
lished polymer electrolyte membrane (PEM) proton separation
plus catalysed reduction technologies.**** A continuous flow
system, as demonstrated here, is particularly suitable for larger
scale H, generation.

Our further studies on solar fuel production will investigate
if intermittent light intensity effects can enhance redox reac-
tions including water oxidations using non-rare earth Zn-
porphyrin or robust Pt-porphyrin light sensitizers.*»* A partic-
ular future aim is use of modified [Fe(bpy)s]*" sensitizer struc-
tures with increased excited state lifetimes.** Alternatively,
quinone derivatives as electron harvesters can replace irrevers-
ible electron acceptors.’>*® The overall long term aim is the
development of effective low toxicity, earth abundant photo-
catalytic systems.
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