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Article

Superiority of TiO2 supported on the nickel foam
over Ni doped TiO: in the photothermal decomposi-
tion of acetaldehyde

Beata Tryba*, Piotr Miadlicki, Piotr Rychtowski, Maciej Trzeciak and Rafat Wrobel

West Pomeranian University of Technology in Szczecin, Faculty of Chemical Technology and Engineering,
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* Correspondence: author’s e-mail address: beata.tryba@zut.edu.pl

Abstract: Acetaldehyde decomposition was performed under heating at the temperature range of
25-125°C and UV irradiation on TiO2 doped by the metallic Ni powder and TiO2 supported on the
nickel foam. Process was carried out in high temperature reaction chamber “The Praying Mantis™”,
with simultaneous in situ FTIR measurements and UV irradiation. Ni powder was added to TiO2 in
the quantity of 0.5 to 5.0 wt%. Photothermal measurements of acetaldehyde decomposition indi-
cated, that the highest yield of acetaldehyde conversion on TiO: und UV irradiation was obtained
at 75°C. Doping of nickel to TiO2 did not increase its photocatalytic activity. Contrary to that, appli-
cation of nickel foam as a support for TiO2 appeared to be highly advantageous, because increased
decomposition of acetaldehyde from 31 to 52% at 25°C and then to 85% at 100°C by comparison with
TiO: itself. At the same time mineralisation of acetaldehyde to CO: increased two times at the pres-
ence of nickel foam. However, oxidised nickel foam used as support for TiO2 was detrimental. Most
likely, different mechanisms of electrons transfer between Ni-TiO2 and NiO-TiO: occurred. Appli-
cation of nickel foam greatly enhanced separation of free carriers in TiO2. As a consequence, high
yields of the photocatalytic reactions were obtained.

Keywords: thermo-photocatalysis; nickel foam; Ni doped TiO»; acetaldehyde decomposition

1. Introduction

Photo-thermal catalysis combines photo-chemical and thermochemical contributions of sunlight
and has emerged as a rapidly growing and exciting new field of research [1-3].

Photo-thermal catalysis with application of semiconductor doped by metallic nanoparticles al-
lows for a more effective harvesting of the solar spectrum, including low-energy visible and infrared
photons.

Certain metallic nanoparticles (NPs) such as Au, Ag, Cu and others exhibit unique optical prop-
erties related to the localized surface plasmon resonance (LSPR), which can be tunable by varying
their size and shape across the entire visible spectrum [4,5].

In the LSPR process hot charge carriers are generated, which possess higher energies than those
induced by direct photoexcitation. These energetic carriers can be transferred to the adsorbate surface
or conductive band of semiconductor or can relax internally and dissipate their energy by local heat-
ing of the surroundings, causing a thermal effect on the material. This photo-thermal effect has been
extensively applied in a large number of fields, including cancer therapy, degradation of pollutants,
COz reduction, hydrogen production by water splitting and other chemical reactions such as ex. cat-
alytic steam reforming or hydrogenation of olefins [2,6-13]. Photo-thermal effect can be also obtained
in non-plasmonic structures through direct intraband and/or interband electronic transitions. For in-
stance, Sarina et al. [14] demonstrated that non-plasmonic metal NPs supported on ZrO: could
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catalyze cross-coupling reactions at low temperatures under visible light. According to the authors,
upon irradiation with UV light electrons could shift to high-energy levels through interband transi-
tions, and only those with enough energy could transfer to the LUMO of adsorbed molecules, just
like in the case of plasmonic metal NPs. When excited with low-energy visible-IR light, electrons were
not energetic enough to be injected into adsorbate states, thus contributing to the enhancement of the
reaction rate by means of thermal effects. Altogether, photochemical and thermal effects contribute
to the photo-thermal performance in non-plasmonic semiconductors.

The size, shape and quantity of the plasmonic nanoparticles contributing in the photo-thermal
effect are important. The temperature increase is proportional to the square of the nanoparticle ra-
dius. However, it was theorized, that the temperature increment due to the irradiation of a single
nanoparticle became negligible, but the light-induced heating effect could be strongly enhanced in
the presence of a large number of NPs owing to the collective effects [2]. Theoretical calculations have
demonstrated that larger plasmonic NPs provide a larger amount of hot carriers, but they display
energies close to the Fermi level, since most of the absorbed energy is dissipated either by scattering
or by heating. In contrast, smaller NPs exhibit higher energies but they are showing very short life-
times [2]. Lower size plasmonic NPs show blue shift absorption edge due to the quantum size effect
[15]. All these parameters are extremely important during design the nanomaterial for the thermo-
photocatalytic processes.

The most intensively explored plasmonic NPs used in the photo-thermal processes so far are
based on Au, Ag, Pd, Cu and Pt nanoparticles, less are reported on the other metals such as Ni or Co.
Thermo-photocatalytic decomposition of acetaldehyde was reported on TiO: doped by Pt, Ag, Pd, or
Au nanoparticles [10,16-19]. Among all these doped metals to TiOz, Pt had the highest activity due
to the strong thermo-catalytic effect at elevated temperature. The activity of metal or metal oxide
doped to TiO: depended on the oxidation state of metal and their adsorption abilities towards acet-
aldehyde species. The other structures, such as metal nanowires coated by TiO2 were also prepared
and tested for the acetaldehyde removal [20,21]. There are some reports on application of nickel foam
with loaded TiO: for different purposes, such as: anode for lithium-ion batteries [22], hydrogen evo-
lution from water splitting [23], toluene and acetaldehyde decompositions [24,25], nitrogen oxides
removal [26] and others. Nickel foam was also used as a support and catalyst for different materials
in the photocatalytic processes [27-29]. As a main advantage of application the nickel foam as a com-
posite with other photocatalyst is significant improvement of charge separation in the photocatalytic
material.

Although some reports on the application of nickel foam with loaded TiO2 have been already
published, in these studies there is proposed the first time mechanism of thermo-photocatalytic de-
composition of acetaldehyde under UV light at the presence of TiO2 supported on the nickel foam,
and this is compared with others, which occur, when oxidised nickel foam or nanosized Ni particles
added to TiO2 are utilised.

2. Materials and Methods

TiO:2 of anatase phase was obtained by two-step process: hydrothermal treatment of amorphous
titania (Police Chemical Factory, Poland) in deionized water in 150°C under pressure of 7.4 bar for 1
hour and following annealing in a pipe furnace in 400°C under Ar flow for 2 hours. Our previous
work presented the detailed physicochemical characterizations of this material [30].

Nickel foam (China) with purity of 99.8% had the following parameters: thickness: 1.5mm, po-
rosity: 95%-97%, Surface density: 300 g/m?. Nickel powder (Warchem, Poland) had a purity of 99.8%.

XRD measurements of nickel foams were performed using the diffractometer (PANanalytical,
The Netherlands) with a Cu X-ray source, A = 0.154439 nm. Measurements were conducted in the 20
range of 10-100° with a step size of 0.013. The applied voltage was 35 kV and the current was 30 mA.

SEM/EDS images were obtained using a field emission scanning electron microscope with high
resolution (UHR FE-SEM, Hitachi, Japan).
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Oxidation of nickel foams was carried out in a muffle furnace (Czylok SM-2002, Poland) at 500°C
for 1 hour.

The chemical composition was determined through X-ray photoelectron spectroscopy (XPS)
analysis. The measurements were conducted using a commercial multipurpose ultra-high vacuum
(UHV) surface analysis system (PREVAC, Rogow, Poland). A nonmonochromatic XPS source and a
kinetic electron energy analyzer (SES 2002; Scienta) was used. The spectrometer was calibrated using
the Ag 3d5/2 transition. The XPS analysis utilized Mg Ka (h=1253.6 eV) radiation as the excitation
source.

The size of nickel powdered nanoparticles was determined using an atomic force microscope
(AFM; NanoScope V Multimode 8, Bruker, USA) with a silicon nitride probe in ScanAsyst mode.
Prior to measurement, the samples were dispersed in isopropyl alcohol and then drop casted onto a
silicon wafer. Obtained surface topography images were obtained using NanoScope Analysis soft-
ware, whereas particle sizes were evaluated via Image]J software.

Thermo-photocatalytic decomposition tests of acetaldehyde were conducted using high temper-
ature reaction chamber (Harrick, USA), as shown in Fig 1. During the test, continuous FTIR measure-
ments were conducted using Thermo Nicolet iS50 FTIR instrument (Thermo, USA).

UV LED »=365 nm Reactor cover

Gas inlet
4 ml/min O,

Gas inlet
16 ml/min

Thermocouple Cooling

Heating 25-800 °C

Figure 1. The scheme of The Praying Mantis™ High Temperature Reaction Chamber.

UV irradiation was conducted through a quartz window, with an illuminator equipped with a
fiber optics and a UV-LED, 365 nm diode with an optical power of 415 mW (Poland, LABIS). Gases
were supplied from bottles through two inlets using mass flow meters. The first one was acetalde-
hyde in nitrogen, 300 ppm (Messer), the second one was a synthetic oxygen with purity 5.0 (Messer).
Gases have been mixed in proportions to create a synthetic air composition. After the thermo-photo-
catalytic process the gas stream was directed to the gas chromatograph (GC) equipped with automat-
ically dosing sample loop (GC-FID, SRI, USA). Acetaldehyde concentration was determined from

doi:10.20944/preprints202306.1825.v1
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recorded chromatograms in GC. Outlet gas stream from GC was flowing through the CO: sensor
(APFinder CO2, ATUT Company, Poland) in order to monitor the quantity of CO: formed upon ac-
etaldehyde mineralization.

The catalytic systems that have been used in the tests are as follows: a) TiOz, b) a thin layer (I1mm)
of TiO2 supported on KBr which is inert to acetaldehyde, c) a thin layer of TiO2 supported on Ni foam,
d) a thin layer of TiOz supported on the oxidised Ni foam, e) TiO2 blended with the nickel powder in
the various amount, 0.5-5 wt. %. In Fig. 2 there is illustrated the scheme of the materials compositions
used for the photocatalytic tests of acetaldehyde decomposition.

a)

b)

c)

d)

e) TiO, with nickel powder
] ,~ TiO, with nickel powder

n  BERSRERNES Ni foam

Figure 2. Catalytic systems used during thermo-photocatalytic decomposition of acetaldehyde.

3. Results

The results from the thermo-photocatalytic decomposition of acetaldehyde over TiOz2 and UV
LED irradiation are illustrated in Fig. 3.
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Figure 3. Photocatalytic decomposition of acetaldehyde under UV irradiation at various reaction tem-
peratures at the presence of: a) TiO2, b) TiOz supported on KBr.

Performed measurements indicated, that conversion of acetaldehyde on TiO:2 could be en-
hanced at elevated temperature, In case of a thick layer of TiO2 used (without KBr), Fig. 3b, the highest
acetaldehyde conversion was observed at 125°C, however this process was not stable and indicated
gradual falling-off in degradation rate, reaching its maximum after 180 min of UV irradiation with
conversion of 50%. Contrary to that, application of a thin layer TiOz supported on KBr allowed to get
stabilization of the process, but the highest conversion of acetaldehyde was lower than in case of
using TiO2 only and reached 47% at 75°C. In Table 1 there are presented results from measurements
of COz in the outlet stream of reacted gases.
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Table 1. Content of CO: in a gas stream after acetaldehyde decomposition on TiO2.

Reaction temperature CO2 (ppm)
(°O) TiO: TiOz on KBr
25 220 245
50 235 245
75 232 300
100 210 330
125 225 290

These results indicated, that mineralization of acetaldehyde was higher in case of the photocata-
lytic system used with a thin layer of TiO2. Acetaldehyde can be oxidized over TiO: in a dark at the
presence of oxygen, however its complete mineralization occurs at the presence of reactive radicals.
Most likely TiO: at the bottom of reactor chamber was not activated by UV light, and formed products
of acetaldehyde decomposition at the lower part of TiO2 were scavengers for reactive radicals formed
at the surface of TiO2 on the top of reactor. Therefore, for higher quantity of TiOz used, acetaldehyde
conversion was higher, but its mineralization to CO2 dropped down.

In Fig. 4 there are presented results from the thermo-photocatalytic decomposition of acetalde-
hyde over TiO2 supported on the nickel foam.
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Figure 4. Photocatalytic decomposition of acetaldehyde under UV irradiation at various reaction tem-
peratures at the presence of: a) TiO2 supported on Ni foam, b) TiO2 supported on oxidized Ni foam.

High decomposition of acetaldehyde (around 85%) was observed at the presence of TiO: sup-
ported on Ni foam and reaction temperature of 100-125°C. The slight decrease in acetaldehyde de-
composition over time is due to by-products blocking the catalyst's active centers. However the effi-
ciency of this process significantly decreased at the presence of oxidised Ni foam, the decomposition
of acetaldehyde dropped down to 33%. It has to be mentioned, that Ni foam as received was much
less active than that after photocatalytic process. Therefore all the results presented in Fig. 4a were
performed for reused nickel foam.

In Table 2 there are presented results from measurements of CO: after thermo-photocatalytic
process of acetaldehyde decomposition conducted for TiO2 supported on reused Ni foam and that
oxidized at 500°C.

Table 2. Content of CO2 in a gas stream after acetaldehyde decomposition on TiO2.
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CO: (ppm)
TiO:2 on Ni foam oxidised at 500°C

Reaction temperature TiOz on reused Ni

O

foam
25 364 -
50 409 <100
75 438 <100
100 472 <100
125 423 -

Application of reused Ni foam with TiO2 not only enhanced decomposition rate of acetaldehyde,
but also double increased its mineralization degree.
In Fig. 5 there are presented results from the photocatalytic decomposition of acetaldehyde over

TiO:z blended with nanosized Ni powder.
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Figure 5. Photocatalytic decomposition of acetaldehyde under UV irradiation at the presence of TiO2
with doped Ni powder; a) in various reaction temperatures and 1% of doped Ni, and b) for different
quantity of doped Ni in reaction temperature of 100°C.

The quantity of doped Ni slightly affected the efficiency of acetaldehyde decomposition, which
ranged from 38 to 43%. In temperature of 125°C the process yield was the highest and reached around
50% for 1% of doped Ni to TiO2. Although acetaldehyde decomposition rate on TiO2 doped with Ni
was quite comparable with that for TiOz, the mineralization degree was low, the maximum value of
formed CO: was 150 ppm, which was reached for 1% of doped Ni at reaction temperature of 75°C,
for the other tests the quantity of formed CO: was lower.

AFM analyses of surface topography with loaded Ni particles indicated, that their mean size
was c.a. 30 nm, as shown in Fig. 6.

0.0 ‘ 10om 00 252.0 nm

Figure 6. Surface topography of nickel nanoparticles.

In Fig. 7 XRD patterns of Ni foam as received and after oxidation at 500°C in air are illustrated.
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Figure 7. XRD patterns of Ni foam before and after oxidation at 500°C in air.

After oxidation of Ni foam in temperature of 500°C new reflexes emerged, which were ascribed
to NiO phase, however their intensities were much lower than those related to Ni.
In Fig. 8 the SEM images of nickel foam are showed at different magnifications.
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Figure 8. SEM images of a nickel foam, a) as received, b) after photocatalytic process and c) oxidized

at 500°C in air.

Performed SEM images showed some impurities on the surface of nickel foam, as received from
the manufacturer (Fig. 8a). After photocatalytic process these impurities disappeared (Fig. 8b). The
oxidized nickel foam showed corrugated surface on the grain fringes, indicating on the proceeding

oxidation process.

In Fig. 9 mapping of the oxidized nickel foam was depicted. The green area indicates an oxygen
distribution. It is clearly seen, that strongly corrugated surface covers with elemental oxygen.

Figure 9. Elemental mapping of nickel foam surface oxidized at 500°C in air.

In the next step XPS analyses were performed for nickel foam as received (fresh), after photo-
catalytic process and that oxidized at 500°C in air. Recorded XPS spectra for Cls, Ni2pszand Ols

signals are presented in Fig. 10.
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Figure 10. XPS spectra of nickel foams for Cls, Ni2ps2and Ols signals.
The elemental surface content from XPS analyses is presented in Table 3.
Table 3. Elemental analyses of nickel foam surface.
. Elemental surface content (% at.)
Nickel foam Ols NiZp Cls
As received 55 9 36
After photocatalysis 42 6 53

Oxidised at 500°C 62 38 -

It should be noted, that this is an average content of elements from depth of c.a. 1 nm with an
assumption, that the elements are homogeneously distributed, which is not valid. Therefore these
values should be taken as an approximation. The nickel foam oxidised at 500°C exhibit no carbon
over the surface. The other nickel foams exhibit significant amount of carbon, which attenuates the
Ni2p signal. This attenuation explains low values of Ni2p signals.

The deconvolution of Cls signal was performed on the basis of work [31]. The carbon species
were observed on not oxidized nickel foam before and after photocatalytic process. The prominent
shoulder on the left-hand side of the signal is related with carbon-oxygen species present over the
surface of carbon. The intensity of Cls signal increased after the process i.e. the carbon coverage has
increased. However both samples showed similar composition of an oxygen carbon species.

XPS spectra of Ni 2p signals indicated, that the highest intensity of Ni species had sample oxi-
dised at 500°C. This can be attributed to absence of carbon over the surface of this sample. In case of
other nickel foams the intensity of the Ni 2p signal was lower due to the carbon coverage, which
attenuates the signal of Ni 2p. This signal can be deconvoluted to Ni° Ni%*, Ni* (852.3, 853.8 and 855.8
eV, respectively [26]) and satellite signals. The signal of Ni? is negligible. The metallic Ni is present in
the nickel foam, but the XPS sampling depth is c.a. 1 nm. Therefore the surface covered with oxides
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and carbon attenuates the signal from beneath. Nickel foam oxidized at 500°C showed clearly signals
related to Ni** and Ni*, whereas, the other samples revealed mostly signal of Ni%*.

The O1s can be unambiguously deconvoluted only for the sample oxidized at 500°C due to the
absence of carbon. In case of other samples there are carbon-oxygen species, which contributes to Ols
signal. This renders very difficult unambiguous deconvolution of the Ols spectrum. In case of the
sample oxidised at 500°C two distinct components can be observed. One can be attributed to bulk
nickel oxide and the other to the -OH groups present over the surface of nickel oxide. It is assumed,
that a thin layer of Ni(oxy)hydroxide was formed on the surface of oxidized nickel foam.

4. Discussion

Nickel foam used as a support for TiO2 showed spectacular properties for enhancement the pho-
tocatalytic decomposition of acetaldehyde under UV light irradiation. However, doping of the na-
nosized Ni particles to TiO2 did not bring any advantages in either acetaldehyde decomposition nor
mineralisation. Partly oxidized nickel foam also deteriorated the rate of acetaldehyde removal from
a gas stream, although some other researchers indicated superiority of the oxidised nickel foam over
that not oxidised [25]. These different properties of nickel materials could be explained by various
reaction mechanisms occurred at the presence of TiO2. Nanosized nickel after excitation can generate
electrons, which can be transferred to the conductive band of TiO: or to the adsorbed species on its
surface. From the other hand, the lifetime of these electrons is very short and they can undergo back
transfer with heat generation. In case of oxidised Ni foam, there is also high probability of electron
injection from the conductive band of NiO through the electron transfer zone — Ni (oxy)hydroxide to
the TiO:2 due to the p-n heterojunction mechanism between these two semiconductors [32]. In such
case, holes from the titania valence band can migrate to the lower energy valence band of NiO, de-
creasing possibility of hydroxyl radicals formation on TiO:z surface, which are engaged in the miner-
alisation of organic compounds. Therefore very low mineralisation degree of acetaldehyde was ob-
served for TiO2 supported on the oxidised Ni foam. In case of not oxidised nickel foam, there is a low
probability of electrons injection to the titania conductive band, due to the its other morphology, than
the single Ni particles. There is a synergistic effect of combination TiO2 with a nickel foam leading to
the improved separation of charge carriers. Such phenomenon has been already described in the
other research papers [28,33]. The other researchers proved an improvement of charge carriers sepa-
ration through the detection of hydroxyl radicals and superoxide anion radicals under UV irradiation
at the presence of nickel foam and Ni-MOF photocatalyst [28]. XPS measurements showed, that there
is a thin layer of Ni (oxy)hydroxide formed on the surface of oxidised Ni foam. This layer can facilitate
an interfacial electron transfer [34]. It is assumed, that the presence of this layer caused acceleration
of electrons transfer from NiO to TiO2. Not oxidised Ni foam exhibited some carbon species on the
surface before and after photocatalytic process. Some impurities were observed on the surface of
commercial Ni foam, which have disappeared after its use for the acetaldehyde decomposition. How-
ever XPS measurements indicated, that more carbonaceous species were present on the used Ni foam,
than as receive. Some carbon deposits on Ni foam could be present due to the incomplete acetalde-
hyde decomposition. It is assumed, that these carbon species could act as an electron trap centres and
contributed in the separation of charge carriers in TiOz. In fact, process of acetaldehyde decomposi-
tion on the used Ni foam was much more efficient, than on the fresh one. Increase concentration of
electrons on Ni foam facilitated adsorption of molecular oxygen and then superoxide anion radicals
could be formed. Collecting of electrons on the surface of nickel foam could enhance mobility of holes
in TiO2 and can contribute in lag of e-/h* pairs recombination. Holes take place in oxidation of acetal-
dehyde to acetic acid at the presence of air, according to the reaction:

h*+ 3CH3CHO + Oz — 2CHsCOOH + CHsCO* + H* (1)

The carbonyl radicals (CH3CO*) are capable to react with Oz, which mediates the chain reactions
of acetaldehyde oxidation, whereas formed acetic acid can undergo decomposition through the reac-
tion with hydroxyl radicals [35]:

CHsCOOH + *OH — CO:+H:0 + CHs* (2).
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Hydroxyl radicals can be formed by the reaction of holes with surface adsorbed hydroxyl ions:

h*+-OH — *OH (3)

or in a double-electron oxygen reduction pathway [33]:

O2 +2H* +2e~ — H202 (4)

H202 + e —*OH + HO- (5).

The other route od hydroxyl radicals formation can be through the single-electron reduction,
conducted to formation superoxide anion radicals, which in further steps give yield in H202 produc-
tion:

e+02 — Oz (6)

Oz* +H* — HO2* (7)

2HOz2* — H202+ Oz (8).

If the stored electrons in a nickel foam are engaged in formation of superoxide anion radicals or
hydrogen peroxide species, then mineralisation of acetaldehyde is speeding up. As a consequence,
formed on titania surface products of acetaldehyde conversion are faster removed, remaining the
active sites free for new acetaldehyde molecules. In that way both, conversion and mineralisation of
acetaldehyde are enhanced.

This process can be enhanced at the elevated temperature. It is assumed, that in the increased
temperature higher quantity of H>O2 species are formed due to the increased mobility of electrons in
the Ni conductive foam. Both, H20: species and formed upon its reduction hydroxyl radicals can take
part in oxidation acetaldehyde and its conversion products. Therefore at the presence of Ni foam
mineralisation degree of acetaldehyde was greatly enhanced.

The other researchers reported increased decomposition of acetaldehyde on TiO2 doped with 0.5
% of Pt due to the spillover of oxygen from Pt to TiO2 surface, which could oxidise byproducts of
acetaldehyde conversion [17].

The other situation was noted in case of Au doped TiO2, where, Au particles served as the active
adsorption centres for acetaldehyde [36]. In that case Au nanoparticles oxidised acetaldehyde to ace-
tic acid and then dissociated ions of acetate were transferred to TiO2 surface, where underwent pho-
tochemical decomposition.

However, these studies showed, that doping of nanosized Ni species to TiO2 did not enhanced
its photocatalytic activity, even at elevated temperature. Possible direct transfer of electrons from
dopant to TiOz2 could be detrimental for this process.

Mechanism of electron transfer between nickel material and TiO2 was important to obtain an
increased efficiency of acetaldehyde decomposition. In this case nickel foam with some adsorbed
carbon oxygen species on its surface was suitable, because enhanced separation of free carriers and
acetaldehyde mineralisation.

5. Conclusions

Performed studies on thermo-photocatalytic decomposition of acetaldehyde showed superior
properties of nickel foam used as a support for TiO2. It was evidenced, that nickel foam could improve
photocatalytic properties of TiO: for acetaldehyde conversion at room temperature form 31 to 52%
and at 100°C  from 40 to 85% with double increase of mineralisation degree. Even at lower temper-
ature, such as 50°C conversion of acetaldehyde on TiO:z supported on nickel foam was high, because
reached 80% (for TiO2 itself maximal conversion of acetaldehyde was obtained at 75 °C with value of
46%). These results indicate on the synergistic effect between nickel foam and TiOz, which can be
utilised also in the other photocatalytic reactions, because charge separation in TiOz2 is a key factor,
responsible for its photocatalytic activity. Using nickel foam as a support for TiO: gives high space
for interaction of species between the interface boarder, therefore high enhancement of the photo-
catalytic yield was observed. Preparation of photocatalytic composites based on the nickel foam cre-
ates new direction of materials development.
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