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Abstract: While photocatalysis is considered a promising sustainable technology in the field of het-
erogeneous catalysis as well as biocatalysis, figures of merit (FOM) for comparing catalytic perfor-
mance, especially between disciplines, are not well established. Here, photocatalytic water splitting
was conducted using a semiconductor (NiO/La-NaTaOs) and a bio-photocatalyst (Synechocystis sp.
PCC 6803) in the same setup under similar reaction conditions, eliminating the often ill-defined
influence of the setup on the FOMs obtained. Comparing the results enables the critical evaluation
of existing FOMs and a quantitative comparison of both photocatalytic systems. A single FOM is
insufficient to compare the photocatalysts, instead a combination of multiple FOMs (reaction rate,
photocatalytic space time yield and a redefined apparent quantum yield) is superior for assessing a
variety of photocatalytic systems.
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1. Figures-of-Merit

1.1. Influence of Photocatalyst Concentration
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Figure S1. O2 evolution over Synechocystis (a) and Hz evolution over NiO/La-NTO (b) as a function of time under full light
spectrum (without a light filter) using 10 mW cm2 and 200 mW cm respectively. The catalyst concentration was varied
from 0.163-0.489 g dm- (ODrs0 = 1-3) for the bio-photocatalyst and between 0.5-5 g dm= for the semiconductor photocata-
lyst.
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Figure S2. Dependence of the material-based Figures-of-Merit from the cell concentration of Synechocystis sp. PCC 6803
for the O2 evolution from water splitting. The experiments were conducted with a light intensity of 10 mW cm?
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Figure S3. Dependence of the light-based Figures-of-Merit from the cell concentration of Synechocystis sp. PCC 6803 for

the Oz evolution from water splitting. The experiments were conducted with a light intensity of 10 mW cm2
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Figure S4. Dependence of the material-based Figures-of-Merit from the photocatalyst concentration of NiO/La-NTO for
H: evolution from water splitting. The experiments were conducted with a light intensity of 200 mW c¢m2
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Figure S5. Dependence of the light-based Figures-of-Merit from the photocatalyst concentration of NiO/La-NTO for H>

evolution from water splitting. The experiments were conducted with a light intensity of 200 mW cm?

1.2. Influence of Light Spectrum and Intensity

1.2.1. Sunlight Spectrum
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Figure S6. Oz evolution as a function of time for Synechocystis using simulated sunlight (AM 1.5
filter) in the light intensity range of 10 to 100 mW cm at cell concentration of 0.163 g dm-*
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Figure S7. Dependence of the material-based Figures-of-Merit from the light intensity (AM 1.5G filter) for the Oz evolution
of Synechocystis sp. PCC 6803 from water splitting. The experiments were conducted with a cell concentration of 0.163 g

dm=3



Catalysts 2021, 11, 1415

-9-0f25

8.0E-06

6.0E-06
L
C 4.0E-06¢
Ll

2.0E-06

0.0E+00

m  External Quantum

n Efficiency
\ (A =250 -800 nm) ]
LN
~
N
N
N
v

|

0 20 40 60 80 100
lLight / MW cm’?

3.0E-03

2.0E-03}

1.0E-03 }

AQY / %

0.0E+00

®  Apparent Quantum
1 Efficiency
\ (A =250-800nm) | |
LAN
~
N
N
N

~
N~

~n

1 1

1.4E-05

0O 20 40 60 80 100
lLight/ MW cm

1.2E-05}
1.0E-05}
8.0E-06
6.0E-06

®  Photocatalytic Space
Time Yield

PTSY /mmol h'' L' kW'

4.0E-06

0O 20 40 60 80 100
lLight/ MW cm™

8.0E-06

6.0E-06 |
L
O 4.0E-06}
L

2.0E-06

0.0E+00

3.0E-03

AQY / %

0.0E+00

2.0E-03}

1.0E-03}

®  External Quantum
| Efficiency |
\ (» =380 - 780 nm)
LN
~
~u
N
N
v <.
0 20 40 60 80 100
liight/ MW cm
R B Apparent Quantum
Efficiency
\ (A = 380 - 780 nm)| |
LN
~
N
N
N
N
o~ -
0O 20 40 60 80 100

-2
Iiight / MW cm

Figure S8. Dependence of the light-based Figures-of-Merit from the light intensity (AM 1.5G filter) for the Oz evolution of
Synechocystis sp. PCC 6803 from water splitting. The experiments were conducted with a cell concentration of 0.163 g dm-

3.

1.2.2. Full Lamp Light Spectrum
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Figure S9. Oz evolution of Synechocystis (a) and Hz evolution of NiO/La-NTO (b) under full light spectrum (without a light
filter) as a function of time using a cell concentration of 0.163 g dm for the bacteria cells and a photocatalyst concentration
of 1 g dm for the semiconductor. The light intensity was varied in the range of 2.5 to 20 mW c¢m and 20 to 200 mW cm?
respectively.
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3.

Synechocystis sp. PCC 6803 from water splitting. The experiments were conducted with a cell concentration of 0.163 g dm-
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Figure S12. Dependence of the light-based Figures-of-Merit from the light intensity (no filter) for the H2 evolution of

NiO/La-NTO from water splitting. The experiments were conducted with a photocatalyst concentration of 1 g dm?.

1.3. Comparison of NiO/La-NTO and Synechocystis

1.3.1. Maximum Product Evolution Rate
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1.3.2. Similar [llumination Conditions
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ditions (Synechocystis sp. PCC 6803: ccet = 0.163 g dm?, Tiight = 20 mW em?, no filter; NiO/La-NTO: ccat =1 g dm3, Light = 20
mW cm?, no filter).
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Figure S17. Light-based Figures-of-Merit for Synechocystis sp. PCC 6803 and NiO/La-NTO at similar illumination condi-
tions (Synechocystis sp. PCC 6803: ccet = 0.163 g dm, Tiight = 20 mW cm?, no filter; NiO/La-NTO: ccat = 1 g dm?, Light = 20

mW cm?,

no filter).

1.3.3. Photocatalyst Stability
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Figure S18. H> evolution over NiO/La-NTO using a ceat of 3 g dm™ and Iright of 200 mW cm2.

2. Semiconductor Characterization
2.1. Elemental Analysis

The Ni-content after the impregnation procedure was determined by optical emis-
sion spectroscopy with inductively coupled plasma (ICP-OES) using a Perkin Elmer Op-
tima 8000 with Ar plasma and a Scott/Cross-Flow atomizer. Solid samples were placed in
a PTFE vessel in a mixture of 2 cm? aqueous HF (48%, Merck), 3 cm?® aqueous HNOs (69%,
Roth), 3 cm® aqueous HCl (35%, Roth) prior to analysis, and digested with the help of
microwave treatment (microwave oven, Anton Parr Multiwave 3000, 8 XF100 rotor) at 533
K for 30 min with a heating rate of 15 K min". After digestion the resulting solution was
diluted 1:50 (Vsample: Vr20) with ultrapure H20 (Elga, 0.055 pS).

2.2. Powder X-Ray Diffraction

Powder XRD patterns were recorded at room temperature using a Siemens, D5000
diffractometer. The diffracted intensity of Cu-Ka« radiation (A = 0.154 nm) was measured
in the range of 20 between 4° and 90°, with a step size of 0.005° and a counting time of 0.2
s for crystal structure determination.

—— NiO/La-NTO
—— Reference NiO (Fm-3m)
Reference NaTaQ, (Pbnm)

Intensity / arb. u.

20/°

Figure 519. X-Ray powder diffraction pattern of NiO/La-NTO (black), reference
patterns of NiO (blue) [1] and NaTaO:s (red) [2] in the space group Fm-3m and
Pbnm respectively.
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2.3. UV/Vis Diffuse Reflectance Spectroscopy

UV/Vis diffuse reflectance spectra were recorded using a Lambda 650S UV/Vis spec-
trophotometer (Perkin Elmer) equipped with an integration sphere (150 mm). The spectra
were recorded from 250 nm to 800 nm with a step width of 1 nm and a slit width of 2 nm.
As a reference we used Spectralon® standard (Labsphere).

The band gap was determined via the theory of Kubelka-Munk. Therefore, the ex-
perimentally measured reflection R was converted to the remission F(R) using eq. (1). The
band gap was then determined graphically from a plot of F(R) against photon energy
(h(v)), with the intersection of the linear fit of the slope with the x-axis corresponding to
the energy of the band gap.

1-R k
FRy=LR K (1)
2R S
1 O T T T T T 25 T T T T T
NiQ/La-NTO NiO/La-NTO
—— Absorption Remission
5 08} - w 20T Linear Fit T
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2 o6} 1 L 15L GEe e -
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Figure S20. UV/Vis diffuse reflection spectrum of NiO/La-NTO (a) and the resulting Kubelka-Munk transformation (b)
used for the determination of the band gap by linear regression of the slope.

2.4. Transmission Electron Microscopy

TEM imaging was performed using a Jeol JEM2100Plus equipped with a LaBs elec-
tron gun operated at 200 keV to obtain 0.23 nm point resolution. The microscope is
equipped with an ultrafast 4K CMOS camera TemCam-F416 (TVIPS) for high resolution
imaging. Image processing was done by the corresponding EM-Menu software. Chemical
analysis was performed by an energy dispersive X-ray detector Octane SDD (EDAX) and
data evaluation and quantification by TEAM Enhanced software package (EDAX). Sam-
ple preparation for TEM investigation was done by grinding, suspension in ethanol and
transferring to TEM holey carbon grid.
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Figure S21. TEM image of NiO/La-NTO.
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Figure 522. TEM-EDX spectrum of NiO/La-NTO used for the determination of La-content.

3. Bio-Photocatalyst Characterization
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Figure S23. Determination of the correlation factor between OD7s0 and cell dry
mass for Synechocystis sp. PCC 6803 via linear fitting (interception y=0). The

resulting factor is 0.163 + 0.003.

4. Experimental Setup
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Figure S24. Spectral irridiance of the 450 W Xe-arc lamp of the sunlight simu-

lator with (black) and without (red) AM 1.5G filter.
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Figure S25. Flow scheme of the photocatalytic set-up, using a 450 W Xe-lamp and a Shimadzu 2010 GC with a ShinCarbon
ST micropacked column. The process gas can be selected from Ar, N2, He and CO..
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Figure 526. (a) Top view and (b) side view image of the top irradiation quartz glas cell equipped
with a cooling mantle, a liquid / gas manual sample opening sealed with a PTFE septum, four gas
phase inlets: 1) reactor inlet (during reaction), 2) reactor purge (before reaction), 3) reactor outlet,
4) sealed gas connection. The reactor dimensions are h =12.5 cm (with quartz glas window), dtotal =
9 cm, din = 5.1 cm, dout = 1.2 cm. For a better visualization the reactor is filled with 100 cm?® H20 and
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irradiated with the Xe-lamp (reactor housing for light shielding not shown). The distance between
liquid phase surface and lamp opening is 31.5 cm according to manufacturer recommendations.

Figure S27. Image of the photocatalytic set-up. 1) Lamp power supply and control unit; 2) Shimadzu 2010 GC with a
ShinCarbon ST micropacked Column and a heated sample loop; 3) sunlight simulator (450 W Xe-lamp which can be
equipped with a AM 1.5G filter); 4) gas circulation pump; 5) top irradiation quartz glas reactor; 6) gas dosing system; 7)
circulation thermostat.
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