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Abstract: Metallic spinel-type CuCo,S, nanoparticles were de-
posited on nanocrystalline TiO, (P25°), forming heterostructure
nanocomposites. The nanocomposites were characterized in
detail by X-ray powder diffraction (XRD), high-resolution trans-
mission electron microscopy (HRTEM), nitrogen sorption (BET)
and UV/Vis spectroscopy. Variation of the CuCo,5,:TiO, ratio to
\an optimum value generated a catalyst which shows a very

high photocatalytic H, production rate at neutral pH of
32.3 umol/h (0.72 mL h™"), which is much larger than for pure
TiO, (traces of H,). The catalyst exhibits an extraordinary long-
term stability and after 70 h irradiation time about 2 mmol H,
were generated. An increased light absorption and an efficient
charge separation for the sample with the optimal CuCo,5,:TiO,

ratio is most probably responsible for the high catalytic activity}

Introduction

The necessity to reduce or even avoid greenhouse gas emis-
sions encourages intense efforts for the development of alter-
native, eco-friendly and renewable fuels. Widely discussed proc-
esses are the catalytic hydrogen evolution by either water split-
ting or using sacrificial agents,['™® biorefinery,['%1" CO, fixa-
tion'213] or CO, conversion into value added chemicals or
fuels.'*151 Nowadays, hydrogen gas is produced mainly by
steam reforming/water-gas shift reaction using natural gas,
which is neither renewable nor eco-friendly. Eco-friendly cata-
lytic hydrogen evolution can be achieved by electrocatalysis,
photocatalysis or the combined photo-electro-catalysis.! A
promising reaction is the photocatalytic water splitting [Equa-
tion (1) and Figure 1) applying suitable semiconductors like,
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Figure 1. Schematic mechanism of photocatalytic water splitting using a pho-
toactive water oxidation catalyst and a co-catalyst for hydrogen evolution.

e.g., main group and/or transition metal oxides. But only a few
of these materials are useful for catalytic water oxidation and
proton reduction, and they are mainly used for light absorption.
In order to drive the chemical reactions, co-catalysts are depos-
ited on the surface of the semiconductors (Figure 1). Such co-
catalysts can reduce the activation energy of the reactions,
serve as reaction sites, facilitate charge separation and charge
transport."!
2H"+D*—>H,+D (0
with D?~ being an electron donor.

When using H,0, the electron donor would be 0?7, produc-
ing O, by oxidation according to Equation (2).
2H,0—>2H,+0, AG’=123 eV @)

But this reaction needs high oxidation potentials, is energeti-
cally demanding and kinetically challenging."? Since both
gases are produced in an identical environment, the back reac-
tion may occur and water is formed."'® Additionally, the oxygen
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produced is economically of no relevance, and more useful
electron donors may be organic substances which are chemi-
cally modified (oxidized) in the hydrogen evolution reaction
(HER) thus leading to formation of useful organic products.!'”:'8]

A widely applied electron donor is triethanolamine (TEOA),
which is first oxidized to its radical cation which then decom-
poses via hydrolysis to glycoaldehyde and diethanolamine
(Scheme 1).[19-22

HO HO
{
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Scheme 1. Reaction pathways of oxidation of TEOA.

One of the most prominent material used in photocatalytic
hydrogen production is TiO,, exhibiting a crystal structure-
dependent band gap of 3 - 3.2 eV,"?3-251 and good stability in
aqueous media. In addition, the energy positions of the valence
band (VB, 2.6 - 2.7 V vs. RHE) and the conduction band (CB,
-0.67 to -0.9 V vs. RHE) are suitable for H,0/HO™~ oxidation (oxy-
gen evolution reaction, OER) and proton reduction, respectively.
In addition, a mixture of rutile and anatase phases is most
promising because charge carriers excited in anatase (indirect
band gap, E4 = ca. 3.2 eV)M can be accumulated in rutile (direct
band gap E, = 3.0 eV)."! Despite being a direct band gap semi-
conductor, rutile seems to exhibit a longer life time for electron-
hole pairs than anatase.?®! Additionally, rutile shows higher cat-
alytic activity for OER, while anatase has higher activity for HER
if co-catalysts are applied.?”? TiO, itself is a poor catalyst for
HER, while using e.g. Pt or Pd as co-catalysts yields very active
materials®?®=3" which are often used as benchmarks for compar-
ison with different catalytic systems and setups.'? Because
the noble metals Pd and Pt are precious and costly, an intense
search is going on to replace these metals by cheaper and more
abundant materials. Materials fulfilling these needs and exhibit-
ing high catalytic activities are transition metal sulfides like

M052,[33,34] Wsz’[34,35] NiSXI[36—38] CuS[39-411 of COSX.[42] All of
them show synergistic effects when combined with semicon-
ductors like Ti0,.133743 These binary sulfides are semiconduc-
tors with a small band gap and the combination with TiO, can
be regarded as a Z-scheme catalyst system. Metallic transition
metal sulfides may be suitable candidates for replacing noble
metals as co-catalysts. A promising material is metallic CuCo,S,,
crystallizing in the cubic spinel structure (space group
Fd-3m).*# Co atoms occupy 1/2 of the octahedral sites and Cu
atoms are located in 1/8 of the tetrahedral sites of a closed
packed topology of S atoms.*# Charge neutrality of the com-
pound was intensively investigated in the past and led to differ-
ent oxidation state assignments like Cu'2(Co,)*8(S,)~V, 1!
Cu""Co'",(S,)~ VI 146-491 CylCoMl,(S,)~VI 144501 We are aware that in
several contributions CuCo,S, was identified as a semiconduc-
tor with band-gaps of 2.24 eV,*"1 1.01-1.4 eV or 1.41 V.53

The high electrical conductivity446>4 is beneficial for a
good and fast electron transfer to surface sites, being able to
use excited electrons for catalytic reactions. In some studies,
CuCo,S,4 showed excellent activity for electrochemical HER and
OER making it a bifunctional catalyst for water splitting and a
very interesting material for further investigations.!>>=>7]

We used CuCo,S, as a co-catalyst deposited in varies
amounts on TiO, (P25°) and observed a strong concentration
dependence of the photocatalytic activity of the composites for
HER. We investigated the influence of the pH value on the HER
activity and the long-term stability. Variation of the pH value
led to a significant improvement of the HER and an enormous
long-term stability. Here we report the results of the investiga-
tions together with the characterization of the materials.

Results and Discussion

X-ray Powder Diffraction

Because the good electrical conductivity of CuCo,S, is accom-
panied by a high light absorptivity and reflectivity, the amount
of CuCo,S, on TiO, was adjusted to low percentages. Hence,
three different samples were solvothermally prepared with
nominally 5, 10 and 20 wt.-% of the spinel (abbreviated as CCS5,
CCS10 and CCS20). The X-ray powder pattern of CCS10 shows
reflections of anatase and rutile (see Figure 2 and Supporting
Information Figure S6 and S7 for CCS5 and CCS20), together

Table 1. Selected structural data obtained by Rietveld refinements of XRD data of the sample CCS10. Estimated standard deviations are given in parentheses.

Parameter Anatase

a =b = 3.78646(3)
(3.7842(13)159)

¢ =9.50690(12)
(9.5146(15)159)

Cell parameter [A]

Chalcogen position x=y=0
z =0.20732
(0.2081(2)[™)
Space group 14,/amdS
R-Bragg 0.910
Weight fraction [%] 82.0

Volume-averaged domain size [nm] 23

Rutile CuCo,S,

a =b =4.59480(10) a=b=c=94701(4)
(4.595(1)1>%) (9.478(5)63))

¢ =2.95970(13)

(2.959(1)5>9)

x =y = 0.30479 x=y=z=0263
(0.30479(10)162) (0.263163])

z=0

P4,/m nm Fd-3mZ

1.784 1.257

11.5 6.0

33 14
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with reflections of CuCo,S, exhibiting a relatively low intensity.
Results of the Rietveld refinement of CCS10 (Table 1; Table S2
for CCS5 and CCS20) yield = 82 wt.-% anatase, = 12 wt.-% rutile
and = 6 wt.-% CuCo,S,. Because P25° may contain 8-13 wt.-
% of amorphous titania,>®°% the wt.-% of CuCo,S, has to be
regarded as an estimate. The unit cell parameters of anatase,
rutile and CuCo,S, are in the range reported in literature (see
Table 1).67-631 The volume-weighted mean diameter of the co-
herently-scattering domains was estimated from the integral
breadth of the Bragg reflections (shape factor: 0.89 for spherical
crystallites). For anatase and rutile, the volume averaged do-
main diameters are 23 and 32 nm, respectively. Both values
are in the range reported in literature where fluctuations in
composition and domain diameters were reported.>8-6%
For CuCo,S,, an isotropic domain diameter of 14 nm is ob-
tained (data for CCS5 and CCS20 see Supporting Information
Table S2).

square root intensity [a.u.]

+ +H + ++ +H ++ - ++
* EE % % KM M XA MK MK HC WK WK
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Figure 2. Rietveld refinement data of CCS10. Measured data (red), simulated
data (blue), and difference curve (black). Marks correspond to reflection posi-
tions of anatase®™ (+), rutilel®? (x) and CuC0,5,* (@). The difference curve
shows that the experimental and simulated patterns match perfectly.

Transmission and Scanning Electron Microscopy

Transmission electron micrographs of the samples show the
presence of large agglomerates on a micrometer length scale,
consisting of nano-crystallites. From HRTEM micrographs, d-val-
ues of the crystallites were obtained which allow differentiation
between different phases. Accordingly, rutile and anatase crys-
tallites could be identified (Figure 3a and Supporting Informa-
tion Figure S5). Further, HRTEM micrographs and corresponding
FFT (zone axis [112]) verify the presence of CuCo,S, crystallites.
The polydisperse crystallites exhibit diameters of 10 nm to
40 nm and the results are in good agreement with XRD data.
The nano-crystallites do not exhibit prominent crystal defects
like intergrown domains or shear structures.
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Figure 3. Transmission electron micrographs and electron diffraction patterns
of a particle cluster of CCS10. (a) Overview micrograph showing the occur-
rence of crystallites whose d-spacings could be attributed to anatase (A),°"
rutile (R),1? and CuCo,S, (CCS).3! (b) HRTEM micrograph of the CuCo,S,
crystallite found in (a). (c) Corresponding FFT and simulated diffraction pat-
tern of CuCo,S, in zone axis [112], showing good agreement. Differences in
intensity may occur due to misalignment of the crystallite and the impact of
the contrast transfer function on the peak intensity of FFT.

Diffuse Reflectance Spectroscopy

The diffuse reflectance data is transformed into absorption data

via the Kubelka-Munk function using Equation (3).
(1—Rw)?

(I I ==—————

2Re ®)

with the Kubelka-Munk absorptivity a and Ree as relative diffuse
reflectivity calculated by Equation (4).

Ro, = Rsamp!e (4)

Rstandara
with the reflectivity of the sample R, and the reflectivity of
the pure white standard Rsiandara in this case NaCl.[64

The Kubelka-Munk curve of CCS10 (Figure 4) shows a very
broad diffuse photon absorption in the higher wavelength
range from 390 to 2000 nm. For CCS5, the absorptivity is less
intense, while for CCS20, the absorptivity is increased due to
higher loading of CuCo,S, compared to CCS10 (see Supporting
Information Figure S8). For pure CuCo,S4 no distinct light ab-
sorption edge between 300 and 1800 nm is observed excluding
semiconducting behavior of the material (see Supporting Infor-
mation Figure S10). This explains the greyish black color of the
samples and is a result of metallic character of CuC0,S,.144461 At
higher energies, a strong increase of the absorptivity is ob-
served due to the absorption edge of rutile.'! A Tauc-plot (see
Figure 4) gives a linear dependency of the band edge!® of
3.3 eV (365 nm), which is similar to values reported for rutile in
P25° (3.35 eV).°! The band gap of anatase could not be deter-

© 2020 The Authors published by Wiley-VCH GmbH
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mined because it is not possible to accurately determine addi-
tionally an indirect band gap at higher energies due to the low
absorptivity. The photon absorptivity of TiO, materials in CCS5
and CCS20 is similar to that of CCS10 (see Supporting Informa-
tion Figure S9). All samples show an absorption edge at 365 nm
(3.3 eV) in the diffuse reflectance spectra originating from TiO,
within the composites.

r25

o
s
il

Kubelka-Munk function
o o
P9

0.21 :
0- . . . . -0
300 400 50 600 700 800

Wavelength [nm]

Figure 4. Kubelka-Munk term (black) and Tauc-plot (red) calculated from the
observed diffuse reflectivity data of CCS10 showing the broad absorption of
CuCo,S, at higher wavelengths and the absorption edge of TiO, at high
energies (dotted line).

Nitrogen Sorption Experiments

The N, sorption data of CCS5, CCS10 and CCS20 show type I
isotherms, a typical dependency for nonporous or macroporous
materials having no limitation of multilayer adsorption (see Fig-
ure 5).1%6) The BET analysis®”! (see Supporting Information Fig-
ure S2) yields a specific surface area of 40 m?/g, 39 m?/g and

1004
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Figure 5. Detected N, sorption data of P25° (gray), CCS5 (black), CCS10 (red)
and CCS20 (blue) showing typical characteristics of a nonporous material.
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38 m?/g for CCS5, CCS10 and CCS20, respectively. Compared to
pure P25° (49 m?/g), the specific surface area is reduced by
ca. 26 % which may be explained by the deposition of CuCo,S,
on TiO, particles increasing the particle diameter and weight
while not increasing the surface area. Therefore, the amount of
CuCo,S, seems to have only a weak influence on the specific
surface area.

Photocatalytic Experiments

At the beginning of the photocatalytic measurement, the evolu-
tion of a discrete gas volume is related to light induced heating
of the reaction mixture. Afterwards, a very pronounced gas vol-
ume evolution of 0.8 mL/h is observed for more than 9.5 h (see
Figure 6) due to H, generation as evidenced by gas chromato-
graphic analysis. Assuming an ideal gas, the amount of H, is
33.6 umol/h for CCS10. This value is only about 2.8 times lower
than the H, production of P25°@Pd 1 wt.-% (94.6 umol/h), see
Table 2 and Supporting Information Figure S15), but compara-
ble to reported activities for similar TiO,@Pd catalysts.!30-3168]
As mentioned above, TiO, exhibits only very low photocatalytic
activity for HER which is explained by fast recombination of
electrons and holes, a pronounced back reaction, and a large
overpotential at the surface for H, production. Hence, the high
catalytic activity of CCS10 is caused by a synergistic effect. The
catalyst loading of 10 wt.-% seems to be almost ideal because
of the significantly higher activity compared to the other two
catalysts (see Table 2 and Figure 6). For CCS5, no catalytic activ-
ity is observed, most probably caused by the low loading with
CuCo,S,4 preventing generation of a synergy with TiO,. Using
CCS20, an H, evolution rate of 24.8 pmol/h is obtained, which
is about 25 % lower than for CCS10. The observation of an opti-
mal loading is not unusual and possible explanations are a de-
creased absorption of light by TiO,, the introduction of more
recombination centers and/or a decrease of the number of ac-

350
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Figure 6. Mean hydrogen evolution observed during irradiation of CCS5
(black), CCS10 (red) and CCS20 (blue) dispersed in 10 vol.-% aqueous TEOA
solution. Error bars represent the standard deviation estimated from different
measurements.
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Table 2. Photocatalytic hydrogen evolution rates compared to data of metallic co-catalysts reported in literature for selected similar systems, using 300 W Xe

lamp irradiation and triethanolamine as sacrificial agent.

Sample Low pass Sacrificial agent used in aqueous solution Hydrogen evolution rate [umol/h]
light filter
[nm]
(Cu,In)o2ZN, S,@PtIEY 420 10 vol.-% TEOA 17.5
TiO,@Rh + y-Eosin!®"] 420! 15 vol.-% 153
TiO,@Ru + y-Eosin(®"] 420! 15 vol.-% 123
TiO,@Pt + y-Eosin(®'] 4201 15 vol.-% 5.7
TiO,@Cu + y-Eosin!®?! 420 10 vol.-% 1330
TiO,@MWCNT@Pt!83] 420 15 vol.-% TEOA 15.1
TiO, 184 420 20 vol.-% TEOA 0.36
P25°@Pd 320 10 vol.-% TEOA 94,6
CCS5 320 10 vol.-% TEOA traces
CCs10 320 10 vol.-% TEOA 33.61
28.00!
CCS20 320 10 vol.-% TEOA 24,8
8.40)
p25° 320 10 vol.-% TEOA traces
CuCo,S, 320 10 vol.-% TEOA traces
P25° and CuCo,S, 320 10 vol.-% TEOA 26.412b]
P25° with Cu'/Co"-chloride 320 10 vol.-% TEOA traces

[a] Estimated standard deviations calculated from different measurements are between 3 and 8 %. Note for the Pd sample the value is slightly larger. [b]
Evolution rate given in mmol/(gcycoass h). [c] 200 W halogen lamp. [d] Evolution rate given in pmol/(g h), unfortunately the amount of catalyst used was not

reported.

tive sites on the TiO, surface, an incomplete dispersion of the
particles on the surface, and increased particles sizes.[*”!

We note that H, evolution in the present system is not forced
or enhanced by hot electron injection from CuCo,S,; on TiO,
like observed for Au@TiO,.”7%7? In CuCo,S,, the dominant
charge carriers are holes.[*>>* These can possibly be excited by
plasmon resonance and injected as -hot holes' into neighboring
materials. But TiO, is an electron acceptor and acts as a hole
donor.”7273! Therefore, neither hot electron nor hot hole injec-
tion from CuCo,S, to TiO, is likely.

A comparison of the catalytic activity of materials is not
straightforward due to the differing experimental setups, the
different numbers reported for the activity, and the sacrificial
agents applied. The effect of the latter was recently summarized
in a review, showing that the catalytic activity of pure P25°
strongly depends on the sacrificial agents..”# The highest activ-
ity was observed for TiO,/ethylene glycol (190.2 umol H, in 6 h)
and the lowest for lactic acid (27.6 umol in 6 h), while TiO,/
TEOA produced a low amount of 61.8 umol H; in 6 h. Keeping
all the difficulties in mind, we compare the performances of
selected catalytic systems in Table 2 to give the reader an im-
pression about the activity of CCS10. As can be seen from the
data, CCS10 and CCS20 show a far higher activity for H, evolu-
tion compared to other catalysts under comparable conditions
(300 W Xe arc lamp and triethanolamine as sacrificial agent).
Especially, the higher activity compared to metallic co-catalysts
like Cu, Pt, Ru or Rh reveals that CuCo,S, is a promising co-
catalyst for photocatalytic hydrogen evolution. It should be
noted that effects of the different light filters used in literature
cannot be easily taken into account. For example, the utilizable
photon energy using sensitizers like y-Eosin is smaller than that
of TiO,. Therefore, the used light filter has a large effect on the
photocatalytic activity and the number of photons has to be
considered for better comparability.
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Chemical actinometry with KsFe(C,0,4)5:3H,0 gave a value
for the photon flux of 5.4 + 0.4 umol/s for the 300 W Xe arc
lamp, when applying a 320 nm low pass filter in the relevant
wavelength range from 250 to 500 nm. Using the formula
[Equation (5)] below:

2-R"

PE (250 — 500 nm) = o———— (5)
0,250=-500 nm

the photonic efficiency (PE) can be calculated, with the initial
H, production rate R™ and photon flux Rg,250-500 nm determined
by the actinometry system.®B75-791 The photonic efficiency of
CCS10 is 0.35+0.02 %, while P25°@Pd 1 wt.-%, which was
tested for comparison, reached a value of 0.98 +£0.14 %. A
much larger efficiency cannot be expected because the major-
ity of the photons (see Supporting Information Figure S3) has
no sufficient energy to generate electron-hole pairs in TiO,. For
the catalyst with higher loading, the photonic efficiency is
0.26 £ 0.02 %.

The H, evolution rate of CCS10 decreases slowly with time,
which may be explained by an increasing shortage of the sacri-
ficial agent or due to deactivation of the catalyst. After the first
catalytic test, the catalyst was reused in a second test and after
this run, the material was recovered for a third test (see Fig-
ure 7). The experiments show that the activity of the catalyst is
slowly decreasing over time during the very long irradiation
time of 70 to 80 h, but still ca. 1.2 mmol H, were produced.
Assuming a linear decrease of H, evolution rate, the half-life
time of activity is ca. 42 h. We note that in many studies irradia-
tion of the catalytic system is restricted to only a few hours,
which does not allow judgement of the stability.

The synergism in photocatalytic activity of CuCo,S, and TiO,
becomes apparent when using pure P25°, CuCo,S; or a me-
chanical mixture of both materials (for characterization of these
materials see Supporting Information Figure S11, S12, and Table

© 2020 The Authors published by Wiley-VCH GmbH
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Figure 7. H, evolution using CCS10 as photocatalyst in aqueous TEOA solu-
tion for the first (black), second (red) and third (blue) time with new reaction
medium each time showing the slowly decreasing activity with time.

S5). Pure P25° or CuCo,S, show no sufficient ability for photo-
catalytic H, evolution under the conditions applied in the ex-
periments (see Supporting Information Figure S13), and only
traces of H, could be detected. A mechanical mixture of 10 wt.-
% CuCo,S,4 in P25° shows a lower H, evolution rate (26.4 mmol/
(9cucozs4 h)) compared to CSS10 (28.0 mmol/(gcucorss h)) based
on the CuCo,S, content determined by XRD. Additionally, the
half-life time of H, evolution rate with the mechanical mixture
(21 h) is lower than CCS10. These results indicate a better inter-
action and connection of TiO, and CuCo,S, in CCS10 compared
to the mechanical mixture.

Post Catalytic Characterization

The XRD pattern of CCS10 after the catalytic test shows a re-
duced intensity of the reflections of CuCo,S, compared to the
pattern of the pristine material (see Figure 8). This observation
indicates either an amorphization of CuCo,S,, a dissolution or
a detachment of the spinel particles from the TiO, surface.
Chemical analyses of the recovered CuCo,S,/TiO, nanocompos-
ites revealed a decrease of the Cu, Co and S content with in-
creasing irradiation time. After 80 h of irradiation, Cu vanished
and only 1.1 £ 0.2 wt.-% of Co could be detected via EDX on
the catalyst material (see Supporting Information Table S1). One
may speculate that dissolution and oxidation of S*~ ions are
responsible for the H, evolution. However, this would only ac-
count for a maximum H, evolution of 0.2 mmol, which is much
less than the value obtained after 80 h irradiation time (com-
pare Figure 7). To gain insight into the catalyst deactivation,
CCS10 was stirred in the dark for 20 h under the same condi-
tions as photocatalytic measurements and EDX data were col-
lected. Indeed, the amount of Cu, Co, and S was reduced, which
indicates slow dissolution of the spinel material. In the basic
aqueous TEOA solution, traces of Cu?* and Co?* ions could be
detected (see Supporting Information Figure S4). These results
demonstrate that the presence of OH™ ions is responsible for
the catalyst deactivation. Hence, the effect of OH~ concentra-
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tion on the catalytic activity and stability must be identified
which is discussed below. To demonstrate that dissolved metal
ions are not the active catalysts, photocatalytic experiments
with P25° and dissolved Cu' and Co'-salts were done under
similar conditions (see Supporting Information Figure S14). In
these experiments, no hydrogen evolution could be observed
like using pure P25°. This finding is a clear evidence that Cu-
Co,S, is the active co-catalyst.
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Figure 8. Rietveld refinement data of CCS10 after usage in a catalysis experi-
ment with 20 h irradiation. Measured data (red), simulated data (blue), and
difference curve (black). Marks correspond to reflection positions of ana-
tasel®'! (+), rutilel®? (x), CuC0,5, (¥). Intensity of reflections of CuCo,S, are
explicitly lowered compared to the as synthesized material.

Mass Spectrometry of the Solvent

Analysis with electro spray ionization mass spectrometry (ESI-
MS) of the organic components in solution after catalysis
showed no presence of oxidation products of TEOA. Using
molecular catalysts like tris-(2,2’-bipyridine)-Ru(ll)-chloride re-
sults in the formation of diethanolamine and glycoaldehyde as
oxidation products.*?! In contrast, CuCo,S, deposited on TiO,
offers free coordination sites and TEOA molecules possibly coor-
dinate to these sites being fully oxidized without releasing di-
ethanolamine and/or glycoaldehyde.

Impedance Measurements of CCS10

Temperature dependent Nyquist plots (see Supporting Informa-
tion Figure S19 and given fitting details) show a typical shape
of frequency-dependent resistivity similar to comparable mate-
rials.[8>2%1 At 30 °C, the temperature used for photocatalytic ex-
periments, the estimated materials conductivity amounts to ca.
2.15 pS/cm.
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Via the relation [Equation (6)],

Eq
o =0, e RpT (©)

(o = materials conductivity, 6, = prefactor, kg = Boltzmann constant,
T= temperature, E;= activation energy)

an Arrhenius plot (see Supporting Information Figure S19)
allows an estimation of the activation energy E, necessary for
obtaining electrical conductivity in the material, being 0.42 eV
(41 kJ/mol). This is ten times higher than the value found for
anatase single crystals®” and 3 to 7 times higher than observed
for polycrystalline samples.®8-9° Reasons are possible a looser
packing of crystallites in the pelletized sample or a different
mean crystallite size. Thus, density and type of dopants, sur-
rounding atmosphere, UV-irradiation and anatase/rutile ratio
will as well affect the materials conductivity and activation en-

ergy.l1:°2
With the potential-dependent capacitance data, a Mott-
Schottky diagram is constructed to extract the flat-band poten-
tial of the conduction band of the material (see Figure 9). Since
the occurring linear slope is positive, the material is an n-type
semiconductor.8723°4 The flat band potential of CCS10 occurs
at —0.21 V vs. RHE. This is in the range of flat-band potentials
observed for pure P25® (Ecg = -0.67 V vs. RHE at pH = 7,93 g =
-0.211 V vs. RHE at pH = 7®¥), suggesting that CuCo,S, on the
surface of TiO, does not influence the electronic characteristics
of TiO,.
8 -
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o e
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Figure 9. Mott-Schottky plot of CCS10 measured at frequencies of 103 Hz
(black), 522 Hz (red) and 1046 Hz (blue). Linear interpolation of the linear
region to the abscissa yields the flat-band potential of the conduction band
Erg of -0.21 V vs. RHE.

pH Value and Wavelength Dependency of Catalytic
Activity

The influence of pH value on the catalyst performance was
monitored by adjusting the pH of the TEOA solution, small
amounts of conc. H,SO, were added, while the photocatalytic
measurements were done as described above.

The pH value of the pure 10 vol.-% TEOA solution is 10.7.
Decreasing the pH to 8.7, the photocatalytic activity increases
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to 55.9 ymol/h (see Figure 10, Table 3 and Supporting Informa-
tion Figure S15). Further decrease of the pH value led to a drop
of the photocatalytic activity to 32.3 umol/h and 3.8 umol/h at
pH values of 7.2 and 1.4, respectively. This is the result of proto-
nation of TEOA molecules losing the surface coordination abil-
ity at pH values lower than the pK, value (7.74°%)). Thus, photo-
catalytic activity is highest under mild basic conditions. In addi-
tion, a lower pH value reduces the solubility of Cu based sulf-
ides,°69! resulting in a higher stability and better long-term
stability of the catalyst. This can be seen in XRD patterns of
CCS10 obtained after catalysis runs of 20 h at different pH val-
ues (see Supporting Information Figure S16), with the best re-
sults being obtained at pH = 7.2 in a long-term experiment.
The total irradiation time was 70 h with an intermediate stop
after 45 h and a restart with fresh TEOA solution (see Support-
ing Information Figure S17). During this time, the huge total
amount of 2 mmol H, was produced. The H, evolution of each
step can be fitted linearly with R? values of ca. 0.999, indicating
long-term stability of CCS10 at this pH value. The slightly lower
H, evolution rate in the second run compared to the first one
originates from the catalyst recovery process. The long-term
stability of CCS10 is comparable to that of Pt/TiO,%%
Rh/TiO,, B! Pd/TiO,,B1 CuS/TiO,, oAl CoS,/Ti0,,1*3
TiO,@Mo0S,@CdS,"®"  MoS,/CdS,['%?  Ti0,@MoS,"%!  and
Pt/TiO,/C5N,"%4 for which H, production was investigated be-
60j

tween 20 and 50 h.
1.4 7.2 8.7 10.7
H

Figure 10. Initial hydrogen evolution rates with standard deviations observed
for CCS10 at different pH values.
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The photocatalytic activity of CuCo,S, on TiO, is strongly
wavelength-dependent, because electrons in TiO, can only be
excited with light of wavelength < 365 nm (see Figure 4). If
a = 420 nm low pass cut-off light filter is used, instead of the
> 320 nm filter, no H, evolution is observed (see Table 3 and
Supporting Information Figure S18). This result strongly con-
firms that CuCo,S, is not being photoactive in the present sys-
tem. Photons are absorbed by TiO, generating electron-hole
pairs and electrons are transferred to CuCo,S, that is responsi-
ble for the reduction of protons.
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Table 3. Observed photocatalytic H, evolution rates and photonic efficiencies at different pH values of reaction medium.

pH value Irradiation wavelength H, evolution rate [umol/h] Photonic efficiency [%]

14 > 320 nm 3.8 0.04

7.2 > 320 nm 323 0.33

7.2 > 420 nm Not detectable

8.7 > 320 nm 55.9 0.58

10.7 > 320 nm 33.6 0.35

Conclusions ABCR), NaCl (> 99.5 %, Griissing) were used without further purifica-

Using a solvothermal approach, metallic CuCo,S, nanoparticles
were deposited on TiO, nanocrystals consisting of a mixture of
rutile and anatase. The accessible specific surface area was not
significantly affected by the deposition of the spinel particles
on TiO,. Depending on the amount of CuCo,S, on TiO,, photo-
catalytic measurements show high catalytic activities using
TEOA as sacrificial agent. The rate constant of H, evolution with
catalyst loading of nominal 10 wt.-% reached 33.6 umol/h corre-
sponding to 0.8 mlL/h with a photonic efficiency of
0.35 + 0.02 %. If the loading of CuCo,S4 on TiO, is too low or
too high, the catalytic performance is much lower. Adjusting
the pH value to nearly neutral values increases the long-term
catalytic performance drastically. At pH = 7.2, a H, evolution of
2 mmol is observed for a long period of 70 h. The catalytic
activity of CSS10 is only 2.8 times lower than that of Pd as a
co-catalyst. But Pd (34000 US-$/kg)"%! is far more expensive
than Co (55.5 US-$/kg),l"° which is the most expensive ele-
ment in CuCo,S,. Therefore, the use of CuCo,S, instead of Pd
is very promising. In summary, a schematic mechanism can be
suggested as shown in Figure 11. Electron-hole pairs are gener-
ated by light absorption by TiO,. The electrons are transferred
to the co-catalyst CuCo,S, and H* ions are readily reduced to
H,. The valence band holes are filled by electrons due to oxid-
ation of TEOA.

Oxidation products

Figure 11. Schematic representation of the suggested mechanism of hydro-
gen evolution with P25°@CuCo,S, in aqueous triethanolamine solution.

Experimental Section

Chemicals

CoCly*6H,0 (> 98 %, Fluka), CuCl,-2H,0 (= 99 %, Merck), P25° (TiO,,
99.5 %, Degussa), thiourea (= 98 %, Merck), triethanolamine (TEOA,
> 99 %, Fluka), FeCl3:6H,0 (> 98 %, Sigma Aldrich), K,C,04:H,0
(99 %, Merck), K,PdCl, (> 98 %, Degussa), H,SO,4 (96 %, Walter CMP),
acetone (97 %, Walter CMP), ammonium acetate (= 98 %, Fluka),
Ethanol (99 %, methylated, Walter CMP), 1,10-phenanthroline (99 %,
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tion.
Synthesis of Photocatalysts

The synthetic procedure for P25°@CuCo,S,; 10 wt.-% (CCS10) is re-
lated to that reported by Qizhao et al. and was as follows.[%”!
340 mg of P25° was stirred for 1 h in 10 mL of deionized water.
Then, 18.8 mg (0.11 mmol) of CuCl,-2H,0, 52.4 mg (0.22 mmol)
of CoCl,6H,0 and 50 mg (0.66 mmol) thiourea dissolved in 3 mL
deionized water and 2 mL conc. aqueous ammonia were added and
the slurry was stirred for 1 h. The resulting dispersion was sonicated
for 0.5 h and then transferred into a Teflon®-lined steel autoclave
with a total volume of 30 mL. The sealed autoclaves were then
heated to 180 °C for 12 h. Afterwards the formed solid was filtered
and washed multiple times with demineralized water and ethanol
and dried in air at ambient temperature. Greyish black powders
were obtained (yield ca. 67 %). After characterization of the samples
with EDX and XRD, individual batches were combined for further
usage.

Samples with higher and lower loading of CuCo,S,; were synthe-
sized in a similar way but using the half or double amount of Cu,
Co and S sources. These samples are denoted as CCS5 and CCS20.
Pure CuCo,S; was prepared by using the same procedure as for
CSS10 but without P25° Pure CuCo,S, was prepared by using 10-
times the amount of Cu, Co and S sources without the addition of
TiO,.

For comparison a sample P25°@Pd 1 wt.-% was prepared as fol-
lows.B? 15 mg of K,PdCl, were dissolved in 5 mL demineralized
water and 45 mL ethanol. 500 mg P25 are added and the mixture
was stirred until a good dispersion was obtained. Then, the disper-
sion was stirred and irradiated for 2 h with a 300 W Xe lamp in a
round-bottomed flask equipped with a cooling jacket, keeping the
temperature constant at 30 °C. Afterwards, the material was sepa-
rated by centrifugation, washed with demineralized water and eth-
anol, and then dried at 90 °C in an oven. Characterization of this
material is presented in the Supporting Information (see Supporting
Information Chap. S1).

Characterization

X-ray powder patterns (XRD) of all samples were recorded with a
PANalytical Empyrean MPD diffractometer with Cu K, , irradiation
in reflection geometry. The profile function of the instrument was
determined using LaBs SRM 660c NIST standard. Rietveld refine-
ments of the patterns were done using the program TOPAS Aca-
demic v6!'%8 in combination with coding program jEdit.l"%! For de-
termination of the quantities, the linear absorption coefficients, for-
mula weights and unit cell volumes were taken into account.

For nanostructure investigation, Transmission Electron Microscopy
(TEM) was performed using a FEl Tecnai F30 G? STwin equipped
with a field emission gun operated at 300 kV. For contrast enhance-
ment, scripts for Gatan Digital Micrograph were used as described
by Mitchell.!"'® Diffraction data was simulated using the software
jems1T1
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Energy Dispersive X-ray (EDX) analyses were carried out within FEI
Tecnai F30 G2 STwin (Li:Si Detector, EDAX) or with an Environmental
Scanning Electron Microscope Philips XL-30 and an Li:Si EDAX de-
tector.

For the diffuse reflectance spectroscopy and collection of the
UV/Vis spectra, the samples were ground as 1 wt.-% mixture with
NaCl as white standard. The powders were measured in reflection
geometry using an integrating sphere in a Varian Cary 5000 in the
region 250-2000 nm. For measuring the diffuse reflectance of
CuCo,S,, a mixture of 0.1 wt.-% CuCo,S, in NaCl was used because
of the deep black color of CuCo,S,.

The specific surface areas of the samples were determined with the
Brunauer-Emmett-Teller (BET) method!®”! using data obtained by
sorption measurements with N, using a Belsorp Max apparatus.
Before the measurements, the samples were dried in vacuo at
1073 mbar at T = 90 °C for 16 h.

Electrochemical impedance measurements were done on CCS10
pelletized unidirectional at 100 bar (diameter = 8 mm) using a Bio-
Logic SP300 instrument. The sample was contacted with Au and
the measurement was done in a frequency range of 7 MHz down
to 100 kHz with an amplitude of 20 mV. Mott-Schottky measure-
ments were performed in a three-electrode electrochemical cell,
using coated glassy carbon as working electrode, a graphite rod as
counter counter, and Ag/AgCl (3 m KCl) as reference electrode and
a pH = 4.5 phosphate buffer solution. Measurements were done in
the potential range of —0.65 V to 0.15 V vs. RHE at frequencies of
1 Hz to 7 MHz with an amplitude of 10 mV. Prior to the experiment,
the Ag/AgCl electrode was calibrated vs. RHE in a Phosphate buffer
solution. The sample was dispersed in a 0.25 wt.-% Nafion solution
(Sigma-Aldrich) before coating.

Photocatalytic Measurements

Measurements of the photocatalytic activity were undertaken with
a Gasmess system of the Messen Nord GmbH. It consists of an
enclosed glass tube system connected to a round-bottomed flask,
a membrane pressure sensor, a vacuum pump, argon supply and
an automatic syringe. The system monitors pressure increases and
uses the automatic syringe to correct the pressure to the starting
value to keep the setup isobar. Every part of the setup is sur-
rounded by a cooling jacket keeping the system at a constant tem-
perature of 30 °C applying a thermostatic water bath. In each cata-
lytic run, 20 mg of catalyst were added into the flask. Afterwards,
the gas phase was purged with Argon followed by addition of
50 mL of degassed 10 vol.-% aqueous triethanolamine (TEOA) solu-
tion. After stabilization of the pressure, a 300 W Xe arc lamp
equipped with low pass > 320 nm cut off filter in a distance of
15 ¢cm was switched on to irradiate the flask (irradiated area
39.3 cm?). The volume increase was detected vs. time. After each
measurement, 10 mL of the gas phase were extracted and injected
into a gas chromatograph (Agilent 6890 Plus with 5 A molsieves
column and TCD detector) to determine the hydrogen content. Er-
rors are given as standard deviations of single measurements or as
linear error propagations.

To demonstrate the synergism between P25° and CuCo,S,, addi-
tional experiments were done using pure P25°, pure CuCo,S, and
a mechanical mixture of both. In these experiments 20 mg P25°
and/or 2 mg CuCo,S, were used as catalyst. All other conditions
were the same as in the experiments mentioned above.

To evaluate the influence of dissolved Cu'- and/or Co'-species on
the photocatalytic activity of CCS5, CCS10 and CCS20, photocata-
lytic measurements were done using 20 mg P25°, 1 mg CuCl,-2H,0
and 3 mg CoCl,+6H,0, matching the amount of Cu- and Co-ions in
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CCS10, as catalyst. All other conditions were identical as in experi-
ments mentioned above.

To evaluate the influence of pH on the photocatalytic performance,
TEOA solutions with different pH values were prepared by adding
small amounts of conc. H,SO, to the 10 vol.-% aqueous TEOA solu-
tion. The pH value was controlled with an electronic pH-meter
(WTW InoLab Series pH 720). Photocatalytic experiments with these
solutions were done as described above.

Actinometry

The measurement of the photon flux of the setup for photocatalytic
investigations was done with the chemical actinometer system
KsFe(C,04)3:3H,0 in 0.05 m H,SO, solution as suggested by IUPAC
for the wavelength range from 450 to 250 nm.''2l Therefore,
KsFe(C,04)3:3H,0 was prepared freshly by dissolving K,C,0,4
(22.5 mmol) in water and adding a solution of FeCl39H,0
(7.5 mmol) in the dark. After crystallization at 0 °C and after two
times recrystallization from 20 mL demineralized water, large green
crystals of pure KsFe(C,0,)5:3H,0 were obtained (yield 78 %). For
the actinometry 0.49 g of KsFe(C,0,);:3H,0 were dissolved in the
dark in 50 mL of 0.05 m sulfuric acid. Every 10 seconds of irradiation,
1 mL of the solution was removed with a micropipette and added
to a mixture of T mL 0.12 wt.-% aqueous phenanthroline solution,
1.5 mL demineralized water, 2.5 mL buffer solution (ammonium
acetate 46.2 g/L and 5 mL/L sulfuric acid) and 4.5 mL 0.05 m sulfuric
acid. After some hours in the dark, the UV/Vis spectra of the sam-
ples were recorded with a modular UV/Vis spectrometer consisting
of a lamp (StellarNet STE-SL5-DH), probe tip with 1 cm transmission
depth and spectrometer (Laser 2000 RPS-Mini-UV-CST).

Post catalytic characterization

For post-catalytic characterization, the reaction slurry containing
the irradiated catalyst was added to 50 mL acetone for sedimenta-
tion of catalyst particles. The latter were separated via centrifuga-
tion at 5000 rpm and washed several times with acetone. The recov-
ered catalysts were then characterized like the as-synthesized mate-
rial using XRD, EDX and TEM. The remaining solution consisting of
triethanolamine solution, acetone and possible reaction products
was freed from acetone and water in vacuo with a rotary evapora-
tor. The resulting viscous oil was examined with Mass spectrometry
(JEOL AccuTOF ESI-MS).
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