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Photocatalysts based on titania and solid solutions of cadmium
and zinc sulfides with deposited metals (Pt, Ag) were compared
in CO, reduction under visible light. In the presence of
titania- and cadmium sulfide-based photocatalysts, the
dominant reduction products were CH, and CO, respectively,
due to different positions of the conduction band level for
these semiconductors. The deposition of metals on the surface
of both TiO,- and CdS-based samples increased the molar
concentration of methane in the reaction products.
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The rapid exhaustion of easily accessible high-quality natural
hydrocarbon feedstock (oil, gas and coal) makes it necessary to
harness available alternative energy sources . In the case of solar
energy conversion into chemical energy, a remarkable process is
the photocatalytic reduction of CO,, which intrinsically imitates
natural photosynthesis in plants. Commercialization of photo-
catalytic CO, reduction is hindered by the absence of efficient
heterogeneous photocatalysts.

A search for active heterogeneous photocatalysts for carbon
dioxide reduction started in 1989 after publications on the photo-
catalytic reduction of carbon dioxide in suspensions of semi-
conductor photocatalysts (TiO,, CdS, WO, ZnO, etc.).1? Titania
is the most common photocatalyst for CO, reduction due to its
stability, relatively low price, availability and low toxicity.®* The
wide application of TiO, is limited by its insensitivity to visible
light, which is caused by a large band gap width of 3.2 eV.5 Efficient
titania-based photocatalysts for carbon dioxide reduction are
produced by the deposition of various metals.®” Another way to
develop such photocatalysts is the synthesis of materials based
on semiconductors with narrower band gaps. Metal sulfides (e.g.,
CdS) attracted attention as CO, reduction photocatalysts owing

to their appropriate band gaps and catalytic functions.® The
Cd,_.Zn,S solid solutions with controllable band gaps and band
edge positions are efficient photocatalysts for gas-phase CO,
reduction under visible light.®

The samples based on titanium dioxide© or sulfide-based photo-
catalysts were examined earlier.8 In this study, photocatalysts
based on titania and solid solutions of cadmium and zinc sulfides
with deposited metals (Ag, Pt) were compared in the reduction
of carbon dioxide under visible light under identical conditions.

Table 1 summarizes the properties of photocatalysts used in
this study. The Cd,_,Zn,S (CZS) photocatalysts were synthesized
in accordance with a published procedure.* A cadmium to zinc
ratio of 2:8 was chosen according to our previous results.®
Metals were deposited on the surface of commercial titania P25
(Evonik Ind., Germany). Silver (1 wt%) was deposited on the titania
surface by thermal decomposition of silver nitrate at 120°C
(1% Ag/P25 AgNO3) and its reduction by a twofold excess of
NaBH, (1% Ag/P25 NaBH,); in the case of platinum (1 wt%),
photodeposition (1% Pt/P25 photo) and reduction by sodium
borohydride (1% Pt/P25 NaBH,) were employed. Platinum and
silver were also deposited on the surface of CZS by chemical

Table 1 Properties and activity of photocatalysts for carbon dioxide reduction (285 mwW cm2, 1 atm CO, with saturated water vapor, 25 °C).

Wumol gt ht
Entry  Sample Phase composition Co-catalyst Sger/m? gt R(CO,)
CH,4 Cco H,

1 Evonik P25 Anatase/rutile - 55 0.07 0.85 0.05 2.3
2 1% Pt/P25 photo Anatase/rutile pt2* 55 0.06 0 0 0.5
3 1% Pt/P25 NaBH, Anatase/rutile pto 55 0.32 0 0 2.6
4 1% Ag/P25 AgNO;  Anatase/rutile Agl; Ag* 55 0.59 0 0.10 4.7
5 1% Ag/P25 NaBH, Anatase/rutile Ag% Agt 55 0.58 0 0.13 4.6
6 czs® Cdp.91ZNg,09S/Cdg 50ZNg g0S - 119 0.22 2.9 0.18 7.6
7 1% Pt/CZS NaBH, Cdg.91ZNg.09S/Cdg 20ZNg 80S PtO; Pt2* 119 0.24 0.53 0.03 2.9
8 1% Ag/CZS NaBH,  Cdg1ZNn,09S/Cdg 20ZNg 80S Ag’; Ag* 119 0.22 0.90 0.17 3.6
© 2020 Mendeleev Communications. Published by ELSEVIER B.V. - 192 —

on behalf of the N. D. Zelinsky Institute of Organic Chemistry of the
Russian Academy of Sciences.



Mendeleev Commun., 2020, 30, 192-194

(@) | agaa 368.1 (b) | agad 368.1

Ad’| 3675 Ad’| 367.5
o|Ag”
Ag/P25 AgNO,

Ag/CZS NaBH,

Ag/P25 NaBH,

376 374 372 370 368 366 376 374 372 370 368 366
Binding energy/eV Binding energy/eV

Figure 1 Ag3d XPS spectra of (a) 1% Ag/P25 AgNO; and 1% Ag/P25
NaBH, samples vs. (b) 1% Ag/CZS NaBH, sample.

reduction (1% Pt/CZS NaBH, and 1% Ag/CZS NaBH, samples).
The above methods were successfully used in the synthesis of
photocatalysts for the oxidation of harmful organic substances
and the production of hydrogen.213 The photocatalysts were
examined by XRD, XPS and UV-VIS spectroscopy.

Earlier, it was shown that the CZS photocatalyst with a cadmium
to zinc ratio of 8:2 consists of two phases, viz. Cd ¢;ZNg 49S and
Cdp20ZNooS,T and has a specific surface area of about
120 m? g1.9 P25 Evonik titania also comprises two phases of
anatase and rutile’ and has a relatively low specific surface area
of 55 m2 gL

We obtained and compared the Pt4f spectra of 1% Pt/P25
NaBH, and 1% Pt/CZS NaBH, samples: for the titania-based
sample only one doublet with a Pt4f;, binding energy of 71.1 eV
was observed, whereas the spectrum of the CZS sample was
approximated by two Pt4f;,—Pt4fs;, doublets with Pt4f;, binding
energies of about 71.1 and 72.2 eV. Thus, platinum on the surface
of 1% Pt/CZS NaBH, occurs in metallic and oxidized states; for
the 1% Pt/P25 NaBH, sample, the reduction by NaBH, resulted
in metallic platinum (see Table 1). The photodeposition of platinum
on TiO, P25 surface leads to the formation of Pt?* (see Table 1).13
An analysis of the Ag3d XPS spectra (Figure 1) of 1% Ag/P25
AgNO;, 1% Ag/P25 NaBH,, and 1% Ag/CZS NaBH, samples
showed that silver on the surface occurs in two states. The spectra
contain peaks with an Ag3ds, binding energy of 368.1 eV, which
is typical of metallic Ag, and a state with E,(Ag3ds,,) = 367.5¢eV,
which is commonly assigned to silver in Ag,O oxide.* The
contribution of the Ag,0 state (E, = 367.5 eV) to the total intensity
of Ag3d lines is 15-20% for TiO,- and CZS-based photocatalysts.

To study the optical properties of photocatalysts, we recorded
diffuse reflectance spectra (Figure 2). The absorption edge of the
TiO, P25 photocatalyst is near 390-400 nm. Weak absorption in
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Figure 2 Diffuse reflectance spectra of photocatalysts for carbon dioxide
reduction. (a): (1) TiO, P25, (2) Ag/P25 AgNO3, (3) Ag/P25 NaBHy,, (4) Pt/P25
NaBH, and (b): (1) CZS, (2) Ag/CZS, (3) Pt/CZS.

T For details, see Online Supplementary Materials.

the visible region is attributed to the presence of rutile in this sample.
The deposition of platinum and silver metals considerably increased
absorption in the visible region. For 1% Ag/P25 AgNO; and
1% Ag/P25 NaBH, photocatalysts, a diffuse reflectance (R)
minimum at ~500 nm was observed due to a plasmon resonance
band.!® For platinum, the plasmon resonance band was observed
at 365 nm. Thus, the SPR of Pt nanoparticles sometimes overlapped
with that of TiO,.1® The CZS photocatalyst has the absorption
edge near 500 nm, which is typical of the Cd,_,Zn,S solid solution
with a Cd to Zn ratio of 8:2.11 Deposition of silver or platinum
on the CZS surface increased absorption at 500-800 nm.

The experiments on the photocatalytic gas-phase CO, conversion
with H,O using samples 1-7 (see Table 1) were performed in a
batch mode under irradiation with a 450-nm light-emitting diode
(LED) as described earlier.? Carbon monoxide, methane and
hydrogen were identified as the reduction products of carbon
dioxide and water [Figures 3(a)—(c) and Table 1].

The total rate of carbon dioxide reduction (see Table 1) was
calculated from the formula

R(CO,) = [8n(CH,) + 2n(CO)J/(t m), 0

where n(CH,) and n(CO) are the amounts of formed methane
and carbon dioxide, respectively, t is the reaction time, and mis
the catalyst weight (g).

The maximum total rate of CO, reduction was observed for
bare Cd;_,Zn,S solid solution. Its high activity in comparison
with titania-based photocatalysts can be caused by a better
absorption in the visible range. Figure 2 and Table 3 indicate
that, in the presence of unmodified titania, the main product is
CO, whereas CH, was the main product upon the deposition of
metals on TiO,. In the case of the CZS sample, the deposition of
silver or platinum increased the molar concentration of methane
from 9 to 16-28% (see Figure 3).

It is well known that the following reactions occur during the
photocatalytic reduction of CO, with H,0.17

CO,+2H*+2e">CO+H,0  E°=-0.12VatpHO (1)

CO,+8H"+8e" > CH, +2H,0 E°=0.17VatpHO  (2)

The CB potential of CZS (Cdgg1Zng 09S/Cdg 20ZNg 50S) lies at
-0.4 V vs. NHE at pH 0, whereas the CB potential of TiO, is
-0.1V vs. NHE at pH 0.18 Thus, the CB potential of CZS is more
negative than the reduction potential E%ozlco (-0.12 V), while
these potentials for TiO, are almost the same; thus, both
processes are theoretically possible. Although the reduction
potentials E2q, cp, are less negative than E2o co, ight electrons
are required to produce CH, and only two, to produce CO. The
samples with deposited metals increase the efficiency of many-
electron process of CH, formation, whereas the formation of CO
is suppressed. The enriched electron density near the surface of
metal nanoparticles favored the reduction of CO, to CH,, as the
formation of CH, is thermodynamically more feasible than the
formation of CO if the quantity of excited electrons is sufficient.1°

Note that the deposition of Ag/Ag,0 (1% Ag/P25 AgNO; and
1% Ag/P25 NaBH,) co-catalysts on the surface of TiO, leads to
an increase in the activity of CO, reduction, whereas the deposition
of platinum (1% Pt/P25 NaBH,) only changes the distribution of
products. A higher activity of the samples with deposited silver
under visible light is related to the presence of SPR absorption of
Ag nanoparticles in the visible region. Moreover, the high activity
of Ag/Ag,0/TiO, composite photocatalysts can also be explained
by the formation of heterojunctions in a ternary system.1920
Interestingly, the deposition of metals on a CZS solid solution of
cadmium and zinc sulfides reduces photocatalytic activity.
Unlike titanium dioxide, the solid solution has a high absorption
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Figure 3 Rates of formation of (a) hydrogen, (b) carbon monoxide and
(c) methane over the samples; (d) distribution of carbon dioxide and water
reduction products over the photocatalysts. Conditions: 285 mW cm?, 1 atm
CO, with saturated water vapor, 25°C.

in the visible region. Metal particles can act as recombination
centres to reduce the rate of the target process.?

The titania-based catalysts are more efficient in the formation
of methane, whereas those based on cadmium and zinc sulfides,
even 1% Pt/CZS NaBH, and 1% Ag/CZS NaBH, samples, in the
formation of CO. The distribution of products depends on the
conduction band level of the semiconductor photocatalyst.® As
described above, the CB potential of CZS (0.4 V vs. NHE) is
higher that that of TiO, ( 0.1 V vs. NHE).1® Thus, carbon
dioxide reduction with the formation of carbon monoxide
proceeds more efficiently over the photocatalyst based on
cadmium and zinc sulfides.

The rate of carbon monoxide formation over CZS was high as
compared to published data on CO, reduction over Cd;_,Zn,S-
based photocatalysts,® and the rate of methane formation in the
presence of TiO,-based samples is comparable with published
data.16

Thus, we found that, under similar conditions, the dominant
reduction product in the presence of titania-based samples was
CHy,, while CO was the dominant product in the case of photo-
catalysts based on cadmium sulfide due to different conduction
band levels of TiO, and Cd;_.Zn,S. To provide a sufficient
activity, the deposition of a metallic co-catalyst on the titania
surface is required, whereas sulfide photocatalysts can operate in
an unmodified state. The deposition of metals on the surfaces of
both TiO,- and CdS-based samples increased the molar concen-
tration of methane in the reaction products.
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