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ABSTRACT

Nickel-modified titanate/TiQcatalysts were prepared by deposition of nickesionto
hydrothermally prepared titanate supports, followgdydrogen temperature-programmed
reduction. Two different nickel precursors (hydidexiand carbonate) were used to tune
reducibility and to vary the crystal phase struetof the final catalysts. The precursor
reducibility and functional properties of the firatalysts were investigated systematically
using various characterisation techniques. Thdtsesvealed a more facile reduction of
the hydroxide precursor compared to its carbonat@terpart. Moreover, it was found that
the formation of the anatase phase was favouredebyse of the hydroxide precipitation
agent. The photocatalytic activity towards hydrogesduction of the prepared catalysts
was evaluated in the presence of 2-propanol underdated solar light irradiation. A
thorough study of the photocatalytic performancéhefsynthesised catalysts was
conducted as a function of the precipitation agesed and the reduction temperature
applied. The catalyst with dominant anatase crystake displayed the highest
photocatalytic activity with a maximumyhproduction rate of 104@mol h* g, this being
more than four times higher than that of its cadiercounterpart. The catalysts with
titanate structure showed similar activity, indegremt of the precipitation method used.

The nanotubular structure was found to be the damifactor in the stability of

photocatalysts under long-run working conditions.

Keywords: A. Powders: Chemical preparation; B. Nanocompssie Titanium dioxide

(TiOy); Solar hydrogen production



1. INTRODUCTION
The increase in energy demand and the huge gromidssil fuel consumption has raised
serious environmental issues, such as loss ofy®aglty, global warming, climate change,
and air pollution. These undesired trends havedueg#ensive research activities directed
towards the development of new, sustainable engyggces using green technologies.
During the past decades, the interest in hydrogemfael source has increased, due to its
high gravimetric energy density, clean-burning dgies, the possibility of production from
renewable sources)e possibility of delivering or storing a large @mt of energyetc.[1].
Currently, water-gas shift reactions and steam arethieforming are the common
technologies of hydrogen production, whose maimdentives are high energy demand,
large greenhouse gas emission and significani2psdver the last few years,
photocatalytic hydrogen production via water spigtor alcohol reforming has been
recognised as a promising approach for clean hyiregergy generation [3—6]. Among
the wide range of candidate photocatalysts [7T&), has attracted the greatest interest,
due to its suitable conduction and valence bamgphalent, low cost, nontoxicity, and
stability against photo-corrosion [9, 10]. Gives fidvourable properties, numerous ongoing
studies are directed towards the development oglnmanostructured titania-based
materials, with well-controlled surface and mormgptal properties and improved
photocatalytic efficiency, in order to achieve thesired level of practical efficiency [11].
One-dimensional (1-D) titanate nanomaterials hdtraced considerable attention
as potential photocatalysts, due to their favowrablysicochemical properties (high
specific surface area, narrow size distributionalbtabe diameter, high surface charge

density, fast ion diffusion, and enhanced lightaapson) [12, 13]. Owing to their unique



morphology, as well as to excellent ion-exchangefoalation activities, 1-D titanate
materials have found application in various fieklsch as catalysis, including photo-driven
catalytic reactions, Li-ion batteries, dye-sensdisolar cellsetc.[11, 14]. In particular,
titanate nanotubes (NTs) with a hollow structureehattracted special attention as
catalysts, due to their high specific surface £268—400 rig™), open mesoporous
structure, nanometre-sized internal tube diam&et@ nm), and consequently large pore
volume.

After the first successful synthesis of titanataatabes by Kasuget al.[15, 16],
the hydrothermal method has been widely used ffahrication of 1-D titanate
nanomaterials of various morphologies, such astoaes [17, 18], nanowires [19],
nanofibers [20], and nanoribbons [21]. Although pineparation method is quite simple,
every single step in its production, including ad®of TiQG, precursor [18, 22, 23], type and
concentration of the alkaline solution [24], coratis of hydrothermal treatment [25-27],
post-acid washing and thermal treatment [28] cgnificantly affect the structure and
morphological features of the final titanate nantemal.

In order to be useful for hydrogen productionwater splitting, a photocatalyst
must possess a conduction band minimum that is megative than the reduction potential
of water [29]. Although Ti@based materiakatisfy this essential criterion, they exhibit
low efficiency for photocatalytic hydrogen prodwetiin their pristine form, due to fast
electron—hole recombination and high overpoteftiahydrogen production. To improve
the hydrogen production efficiency, titania andr#te nanostructures have been modified
by different approaches. The deposition of metabparticles with high work function on

the TiQ, surface through photo-deposition, precipitatianipao-exchange methods, has



proved to be an effective strategy in facilitatmglrogen evolution. Noble metals such as
Pt [30, 31], Pd [32], Ag [33], and Au [34, 35], leleen found to be efficient co-catalysts,
with a reported hydrogen production rate as higeGast0 mmol g h™ in alcohol/water
systems. The enhanced activity of doped catalgstslated to the high work functions of
the deposited metals (Pd 5.6 eV, Pt 5.7 eV, an8.845.6 eV) and their abilities to form
effective Schottky contacts with T3JB86], thus increasing the charge separation in

TiO, and, consequently, the number of charge carnexable for photoreactions.

Recently, efforts have been made to replace noblal co-catalysts by less
expensive and more abundant transition metalsgBd]metal oxides [38, 39] that exhibit
comparable or even, in some cases, superior gotioihpared to noble-metal-titania-based
systems [40, 41]. Among them, nickel has been n@ised as an excellent substitute for
noble metals, due to its low cost, high abundamcehagh work function (5.3 eV) [36].
TiO, doped with nickel in various forms (NiO [42], miitaNi [43, 44], Ni(OH), [45],
Ni/NiO core/shell structure [46]) has been the sabpf recent studies dealing with
hydrogen production from water/alcohol systems.

In the present study, Ni-modified titanate/titacgalysts were synthesised via
different preparation routes. The activity and 8itgiof synthesised catalysts towards
photocatalytic hydrogen production were evaluatdr: goal of our study was to
understand better how variables such as functijmgderties of the support, mainly phase
composition and textural and morphological featumesiced by thermal reduction
treatment and precipitation method, contributéhitmprovement of the activity and

stability of the prepared catalysts.



2. EXPERIMENTAL

2.1. Materials

Nickel(Il) nitrate hexahydrate, glycerol, sodiunmdhgxide, sodium carbonate, and 2-
propanol were obtained from Alfa Aesar. All chentscaere of analytical grade quality
and used without further purification. Commerciahailable TiQ was kindly supplied by
Evonik Degussa GmbH (Aeroxide Ti®@25, 70% anatase 30% rutile, surface area

52 nf g, mean particle diameter approximately 30 nm).

2.2. Synthesis of hydrogen titanate nanotubes

Hydrogen titanate nanotubes (H-TINTs) were prepaseldydrothermal reaction of
commercial TiQ in NaOH solution, followed by ion-exchange withute HCI solution at
room temperature, as described by Kasetga. [15]. The preparation was initiated by
treating 2 g of the P25 Tipowder with 250 mL of 10 M NaOH in a Teflon-lined
autoclave at 150 °C for 24 h. The resulting sodiitamate precipitate was separated by
filtration and then redispersed in 100 mL 0.1 M H@Her continuous stirring for 24 h in
order to facilitate the ion-exchange reaction betwsodium and hydrogen ions. The final

product was separated by filtration and dried & %2 for 3 h.

2.3. Synthesis of Ni-modified titanate/titania catalysts

Titanate/titania catalysts modified withwt % Ni were synthesised using a
deposition/precipitation method. Briefly, 50 mghifNO3),- 6HO and 45 mg of glycerol
were added to 20 mL of distilled water to form @ueous nickel(ll)—glycerol complex.

Then, 1 g of H-TINT was dispersed in this solutidbmo sets of catalysts were prepared:



the first where the Ni complex was precipitateddbypwise addition of 0.5 M NaOH, and
the second where 1.0 M Ma0O; was used as a precipitation agent. The catalysts
synthesised by the carbonate precipitation methere wrepared without the addition of
glycerol. The suspensions were stirred for 1 keridld by vacuum filtration and the
obtained light green powders, Ni(GH)INT (hydroxide precipitation method) and
Ni>(OH),COS/TINT (carbonate precipitation method) were driegmight at 70 °C.
Finally, titanate/titania catalysts modified with Mere obtained by reduction of adsorbed
Ni(Il) species to the metallic form using temperatprogrammed reduction process under
Hao/Ar flow (5% of H, in Ha/Ar mixture, 20 mL min* flow rate) at different temperatures
(400, 500, and 650 °C) with a heating rate of 10", The catalysts prepared using
NaOH as precipitating agent were labelled as Nixie those prepared using ;G0

were labelled as NiTC-x, where x corresponds taddection temperature.

2.4. Characterisation of unmodified and Ni-modified titanate/titania catalysts

Hydrogen temperature-programmed reduction (TPRjlesovere obtained using Thermo
Finningen TPRDO 1100 apparatus, equipped with mrthleconductivity detector (TCD)
coupled to a MS detector (Thermo Star GSD320).rReithe reduction, the sample
(~50mg) was pre-treated in flowing Ar stream at 110f6C60min. Reduction profiles
were obtained in the temperature range of 50 t® PA0(heating rate of 10 °C mijnunder
Ho/Ar flow (5% of H, in Ho/Ar mixture, 20 mL min* flow rate). The total amount of
consumed hydrogemutol g*) was calculated by integrating the area undephttiained
reduction peak. In addition, mass spectrometryadgyat m/z 18, 28, and 44 were recorded

to detect the masses 0f®, CO, and C@molecules, respectively.



The surface composition was determined by X-rayqiectron spectroscopy
(XPS) using a VG ESCALAB || electron spectrometader a base pressure of 10° Pa.
The photoelectron spectra were excited using unectmmomatised Al l& radiation (v =
1486.6 eV) with a total instrumental resolutionlagV. The Gsline of adventitious carbon
at 285 eV was used as an internal standard toratdithe binding energies. The
photoelectron spectra were corrected by subtraetiBgirley-type background and were
guantified using the peak area and Scofield's plwtisation cross-sections.

The X-ray diffraction (XRD) powder patterns wereseded using a Rigaku
SmartLab instrument under CwkK;radiation. The intensity of diffraction was measlure
with continuous scanning at &fin ™.

Transmission electron microscopy (TEM) images vadrtained using a JEOL
2010F-FasTEM with an acceleration voltage of RG0Samples were prepared by drop-
casting an alcoholic solution of samples onto 2@3mformvar carbon copper or lacey
carbon copper grids.

Nitrogen adsorption—desorption isotherms were datexd on a Sorptomatic 1990
Thermo Finnigan automatic system using nitrogersigdoyption at —196 °C. Before
measurement, the samples were degassed at 30 3@ fdrhe specific surface area of the
samples was calculated from the nitrogen adsorptiesorption isotherms according to the
Brunauer, Emmett, and Teller (BET) method. Pore-distributions were calculated from
the desorption branch of the corresponding nitragetinerm, applying the Barrett, Joyner,

and Halenda (BJH) method.



Optical properties of samples were studied in thgelength range of 300 nm to
1.3um by diffuse reflectance spectroscopy measurent8hismadzu UV-2600 UV-Vis

spectrophotometer equipped with an integrated spl$RR-2600 Plus).

2.5. Photocatalytic hydrogen production test

Photocatalytic hydrogen production over unmodifaad Ni-modified catalysts was
performed under simulated solar light irradiatiorRtpropanol/water solution.
Photocatalytic tests were carried out in the phattdgtic reactor (ACE glass), equipped
with standard reaction flask, quartz immersion vaell 100 W mercury lamp. The cooling
of the reaction mixture to 25 °C was performed gisidULABO F25 circulation
thermostat. First, 125 mg of the sample was susgggemi250 mL of 2-propanol/water
mixture (1.0 voRb of 2-propanol) and transferred to the reacticssee Oxygen was
removed from suspension with Ar flow for 30 mindaprior to illumination the Ar flow
was adjusted to 15 mL mih During illumination, the effluent gas was analysvery
15min by gas chromatography (Perkin Elmer F33 GC wilfCD) to quantify the
production of H. A calibration curve was obtained by performingagalysis of samples

with a known amount of #in the H/Ar mixture.

3. RESULTSAND DISCUSSION

3.1. Formation mechanism and characterisation of Ni-modified titanate/titania
catalysts

TPR/MS analysis was performed to study the redlityitwf hydroxide and carbonate

nickel precursors and to determine the type anduataf reducible species present in the



samples. Figure 1 shows that both precursors digptzad asymmetric reduction profiles
in the temperature range 180—900 °C. In order ito d@eper insights into the reducible
species, the obtained reduction profiles were demloted into four peaks. The low-
temperature peak, marked as a cross-hatched seetsrattributed to the reduction of
Ni(Il) species. For the hydroxide precursor, thakpes centred at 450 °C, while for the
carbonate precursor the peak is centred at 500 #&essential to note that the reduction
peak of the hydroxide precursor is shifted to loteenperature, indicating a more facile
reduction of the hydroxide precursor comparedd@érbonate counterpart. Although not
being of central importance for this study, thekseeorresponding to the reduction of
species other than Ni(ll) were also identified [48]. Briefly, the second peak, centred at
~540 °C, can be attributed to the reverse wateskgisreaction, leading to the formation
of CO, as evidenced by mass spectroscopy. As eeghdaigher intensities of CO and €O
signals were obtained during the reduction of caalb® precursor. The remaining two high-
temperature peaks were assigned to the dehydraxyland consequent reduction of 'Ti
cations to Ti*, leading to the formation of oxygen vacancies [49]
Figurel

Based on the observed TPR profiles, temperaturé8@f500, and 650 °C were
chosen for the reduction of the nickel precursdesnperatures of 500 and 650 °C were
suitable to ensure complete reduction of Ni(ll)@ps, while 400 °C was chosen as the
predicted maximum temperature for maintaining theatubular structure.

Besides analysis of catalyst precursor redugihiliPR was also used for catalyst
preparation, through reduction of nickel species @acination at a predetermined

temperature. The amount of hydrogen consumed &rdtiuction of nickel precursors
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(Ni(l) —Ni(0)) was calculated by integration of the peak area®fignal during the
reduction, and the obtained data are summarisé&€dbie 1. Taking into account the
amount of hydrogen required for complete reductibthe Ni precursor and the
experimentally determined amounts of hydrogen coydion, the content of reduced Ni-
phase upon reduction process was determined.

Tablel

Inspection of the obtained values revealed a lmsatent of reduced nickel within
samples reduced at 400 °C (0.1 andM.% for NiTC-400, and NiT-400, respectively). On
the other hand, the temperatures of 500 and 6%@%€ found to be sufficient to ensure
complete reduction of nickel species, resultingamples (NiT-500, NiTC-500 and NiT-
650) with metallic nickel content close to theietinetical value (Wt %).

Figure 2a shows a typical XRD pattern of the stgrtnaterial — unmodified titanate
nanotubes (H-TINTs) with main peaks at 24, 28, A3 48°. The exact structure of titanate
nanotubes is still under debate. So far, multipdania/titanate phases, including anatase
TiO, [15], hydrated and non-hydrated analogous of miamiod,TizO; [50], monoclinic
H,TisOg [51, 52] orthorhombic HTi»Os- H,O [53], and lepidocrocite-type titanate,Hio-
xaVx4O4 (Where x= 0.7 and v represents vacancy) [54, 55] have begpoped to represent
the crystal structure of the nanotubes. The praposgstal structures have some features in
common: they consist of layers of (1 0 0) planassiiing of edge- and corner-sharing
TiOg octahedra building up zigzag or flat layered dtrtes with exchangeable hydrogen
atoms situated between the layers [56]. A moreiléétansight into the exact crystal
structure of titanate nanotubes could be attainmd the products obtained after thermal

treatment [57]. Based on the results presentedutielow, we assigned the initial

11



nanotube structure to the monoclinic tetratitarftd 1409- HO) with lattice dimensions
a=1.877, b 0.375, and € 1.162 nm (JCPDS: 00-063-0655). Further, the charatt
diffraction peaks of anatase and rutile phasesanfisg TiO, P25 were not detected in
XRD spectra, indicating complete transformationhaf titania to hydrogen titanate
structure after the hydrothermal treatment.

Figure?2

The TEM data of synthesised H-TiNTs revealed a ifaytr tube-like structure
with a length of several hundreds of nanometred eatternal and inner diameters of 21 and
6.5 nm, respectively (Figure 3a and b). The distdretween the adjacent layers was found
to be 1.04 nm, somewhat greater in comparisonltesaeported in the literature [27, 58,
59].

Figure3

According to EDX analysis, H-TiNTs consisted onfytitanium and oxygen,
indicating complete ion-exchange of the intercalaedium ions by hydrogen ions (Figure
S1la, Supporting Information). The elemental contpmsiof unmodified H-TINTs is
shown in Table 1.

The synthesised H-TiNTs were characterised fuiblyaritrogen adsorption—
desorption isotherm (Figure 4a). According to IUP@&ssification, the isotherm belongs
to type IV, typical of mesoporous materials, withtd3 hysteresis loop, characteristic of
aggregates or agglomerates of particles forminiggshped pores with non-uniform size
and/or shape [60]. The BJH method was further eygaldo analyse the pore-size
distributions, and the results are presented inr€igb. The obtained pore-size distribution

curve, calculated from the desorption branch ofisbéherm, shows an average pore
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diameter of about 13 nm. The textural propertiesluding BET surface area, average pore
size, and total pore volume are summarised in Thble
Figure4

Ni-modified titania/titanate catalysts were obtaifey reduction of Ni(OH)and
Niz(OH),COs0n H-TINT supports at different temperatures (411), and 650 °C) and
characterised using the same techniques as fordifietbH-TINTSs.

XRD patterns of NiT-400 and NiTC-400 are presenteligure 2a. No significant
differences between the XRD pattern of H-TNTs aatdlysts synthesised at 400 °C were
observed. However, despite their coincident pealtipos, the diffraction patterns of
catalysts reduced at 400 °C exhibited a strengtlyenfithe peak attx 28° relative to that
at D =~ 24°, which can be ascribed to the increase in #i&N ratio as a result of ion-
exchange [61]. Considering that protons were notatetely exchanged by sodium ions,
the NaH,.«Ti4O9 structure has been proposed for the titanate nbastcalcined at 400 °C.
The absence of XRD peaks corresponding to mefdilguggests that its content was
below the XRD detection limit.

The nitrogen adsorption—desorption isotherms dffi loatalysts prepared at 400 °C
belong to type IV in the IUPAC classification aritbss an H3 hysteresis loop, the same
type as that obtained for the H-TINT sample (Figtag Both samples (NiT-400 and
NiTC-400) had the same average pore diameter aftalfsonm, slightly larger than that
determined for H-TiNTs (13 nm). The samples NiT-40@ NiTC-400 exhibited similar
specific surface areas of 201 and 188jm, respectively. A small decrease in specific
surface area compared to that determined for H-FilB3 mi g ') can be related to the

loss of their microporous structure. However, tamaining high specific surface area,
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almost unchanged pore diameter and mesoporous gatnongly indicate a non-collapsed
nanotube structure for the samples thermally tceatel00 °C.

Significant changes in crystal structure were olegupon thermal treatment at
500 °C (Figure 2b). The XRD patterns of NiT-500 &id@C-500 indicated the coexistence
of two crystal phases (anatase and flaOsg). The diffraction peaks at 25.1, 37.2, 47.9,
53.8, and 54.9° correspond to (1 0 1), (004D, @2, (1 05), and (2 1 1) lattice planes of
the anatase crystal phase, respectively. On thez btind, the diffraction peaks at 14.1,
15.0, 24.3, 28.7, 29.4, 32.7, 43.7, 44.4, and 4¥eBMhgto (0 1 1), (1-10), (12 2), (02 -
2),(2-1-1),(0223), (03-3),(3-2-1), an®@ @) lattice planes of NgTi4Os,
respectively (JCPDS #73-1400). It should be natatlthe XRD peaks of anatase and
Nap sTi40g are intense and sharp, indicating a good crysiiilof the samples reduced at
500 °C. In addition, the XRD analysis of thermatbated samples provided valuable
information concerning the structure of the startir TINT. Since thermal treatment
induced the formation of sodium tetratitanate (Né,Os) phase, the orthorhombic
hydrogen tetratitanate structure,{t,Os- H,O) was assigned to initial titanate nanotubes.

The proposed explanation of phase transformatias fllows: Anatase phase is
formed from hydrogen titanate during calcinatio®@® °C. Although a number of authors
proposed that this phase transformation occursigir@an intermediate metastable T(iB)
phase, this phase was not detected in XRD spe&2r&bfi]. According to the proposed
mechanism [65], the appearance of AK) phase depends on the morphology of the
titanate nanostructure, which results in theiredght structural stability upon thermal

treatment. Due to the weak structural stabilityh&f nanotubes and their fast dehydration,
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the transformation is either not occurring via intediate TiQ(B) phase or the
intermediate TiQ(B) phase is short-lived and therefore difficultdetect.

The second obtained phaseMN&aTi4Og, is thermally unstable and susceptible to
phase transformation at temperatures above 400H€thermal treatment at 500 °C leads
to dehydration of interlayeredDH groups from the titanate nanostructure, whildiso
ions remain intercalated between octahedral lagimecting the formation of NaTi40g
nanoribbons. The obtained results are consistehtthe reported literature findings [66,
67].

The increase in the reduction temperature fromtd@DO °C also induced
significant morphological changes. According toresgntative TEM images of NiT-500
(Figure 3c and d) and NiTC-500 (Figure 3e andd)cioation at 500 °C led to deterioration
of the nanotube morphology. The presented figunesvghe formation of a mixture of
ribbon-like particles and particles with irreguiaghaped morphology, decorated with
nanosized metallic Ni particles (Figure 3c andreNd-500 and NiTC-500, respectively).
The high-magnification TEM image (Figure 3d) resethlat the nanoribbons have basically
a layered structure with a layer spacing of 0.596 n

EDX analysis confirmed the presence of sodium if-Bl00 and NiTC-500
samples, indicating that hydrogen ions were beargjglly replaced by sodium ions during
the catalyst preparation (Figure S1b and c, Supmphformation). The average content of
titanium and sodium elements in samples is predent&€able 1. It is established in the
literature that the presence of sodium ions irrésalting titanate is an important stabilising
factor that influences the phase transformationraatphology of the materials during

thermal treatment [50, 57, 65].
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Further transformation of the nanotube structuith walcination temperature was
reflected through the observed variations in tealtproperties. It can be observed that an
increase in temperature from 400 to 500 °C wasvi@t by changes in the profiles of the
adsorption—desorption isotherms (Figure 4a). THeH00 and NiTC-500 catalysts display
type IV isotherm with H1 hysteresis loops, charastie of aggregates or agglomerates of
spheroidal particles with uniform pore size andoghf®0]. As a consequence, a significant
decrease in specific surface area was observdazbthrsamples. The loss of nanotubular
morphology upon thermal treatment at 500 °C |athéoreduction of pore volume and an
increase in average pore diameter (~70 nm) at&ibtd the inter-particle porosity (Figure
4b and Table 1).

The XPS analysis of NiT-500 and NiTC-500 samples performed in order to
obtain deeper insight into the electronic propertiethe surface elements. The signals of
Na, Ti, O, and Ni are present in the survey XPspdFigure S2, Supporting
Information). High-resolution XPS spectra of Ti, &d Ni, shown in Figure 5, are almost
identical for both samples. The characteristic peakTp, at 458.3 and 464 eV (Figure 5a)
were assigned to the tetravalent oxidation stathefitanium atom (ff). The absence of
the Tips feature at ~457 eV indicates that there was nmdtion of TF* surface defects
by reduction of Ti" under the applied reduction conditions. The cevell Qs peak is
observed at 529.7 eV and was assigned to oxygemdttouthe T1* ions in the oxide lattice
(Figure 5b). The oxidation state of the nickel specan be accessed from the binding
energy of the Nis» electrons (852.6 eV and 853.7-854.9 eV for Ni¢@) Ai(ll),
respectively [68]). The high-resolution spectrdNofyz» show the peak with binding energy

of 855.5 eV with a broad satellite at 861 eV [60] @haracteristic of Ni(ll) and the low-
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intensity peak at 852.1 eV characteristic of N§pgcies (Figure 5c¢). The presence of
surface Ni(ll) species in NiT-500 and NiTC-500 s#&esgs more likely the consequence of
partial oxidation of metallic nickel during samptansfer before XPS measurement than of
incomplete reduction under the applied experimesdatitions.

Figure5

To quantify the amount of NiO formed, we perfornrmegeated TPR of already
reduced samples, that were subsequently exposadfts 1h, which simulates the
conditions that actually occurred before the phatalgtic tests. The results revealed that
the amount of hydrogen consumed for the reductidhese samples is ~20 % of the
amount of hydrogen required for the complete redoatf the Ni precursors in non-
reduced samples. It can be revealed that 20% alfrimétallic Ni amount was converted to
NiO, after being exposed to air. The obtained tssidined with the results of XPS
analysis, indicate the existence of core/shellcstine model where core metal is coated by
active thin NiO shell.

TEM results could give us indication that the szenetallic Ni particles is not
larger than 30 nnigeading to the size of formed NiO layer of ~2 nrimc® metallic Ni is
coated by 2 nm thick layer of NiO, the XPS spestrawed low-intensity peak
characteristic for metallic Ni, while the main peaiginated from NiO.

The increase in temperature to 650 °C induceddurthanges in morphological,
textural and structural properties. According te tibtained XRD patterns (Figure 2b), the
increase in temperature to 650 °C led to an inergablg sTi,Os phase content at the
expense of anatase phase. This effect can be e&glby enhanced dehydration-@H

groups at a higher temperature that promotes bgnofirntercalated sodium ions to T§O
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octahedral structures in the titanate. The propasechanism is supported by EDAX
measurements that indicate a higher Na/Ti ratiopamed to that of samples reduced at
500°C (Table 1, Figure S1d, Supporting Informatiorf)eTTEM analysis shows that the
morphology of NiT-650 catalyst is similar to the mpbology of NiT-500 and NiTC-500
samples with the additional deterioration of thaatabular structure; a representative
TEM image of NiT-650 is presented in Figure S3a lamd Supporting Information. The
additional decrease in the specific surface ardaeguction in pore volume was also

observed after temperature increase to 650 °C €THbl

3.2. Photocatalytic hydrogen production over titanate/titania catalysts modified with
Ni
Photocatalytic hydrogen production efficiency offiNTs and Ni-modified titanate/titania
catalysts (NiT-400, NiTC-400, NiT-500, NiTC-500,caNiT-650) was evaluated under
simulated sunlight irradiation in the presence-gir@panol as a sacrificial agent. It is well
known that 2-propanol can be easily oxidised bytpgpenerated holes, thus suppressing
electron—hole recombination [71]. In addition, élen injection from the (Ckj.COH
radical to the conduction band of the titanateitaananostructure occurs due to the large
negative potential of the (GHCOH radical (—1.23 eWersusNHE [72]), doubling the
yield of electrons. The performed preliminary tegtsnonstrated no appreciable H
production in the absence of either irradiatioplootocatalyst, suggesting that the majer H
production was driven by photocatalytic reaction.

Time-dependent rates of photocatalytic hydrogenycton over the studied

catalysts are presented in Figure 6. As evidenwed the obtained results the unmodified
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H-TINT exhibited low activity in hydrogen productioAlthough this reaction is
thermodynamically possible, bearing in mind thatieé positions of the conduction band
of H-TINT and the reduction potential of hydrogéme catalyst showed negligible activity
due to the high overpotential for ldvolution and fast electron—hole recombinatiop.rat
The observed low activities of H-TINT are in accamde with the literature data, showing
that hydrothermally synthesised titanate is in&ctivphotocatalytic hydrogen production
[73] and in the degradation of organic pollutaits, [74].
Figure6

The presence of metallic nickel deposited on thitasa of the synthesised catalysts
dramatically improved efficiency of photocatalytigdrogen production compared to the
unmodified ones. Even the catalyst with a smalteoinof metallic Ni (0.2 w&bo), NiT-400,
exhibited up to 10 times higher photocatalytic\agticompared to unmodified ones.
According to the conventional explanations, theattietNi lowers the overpotential for
hydrogen evolution and suppresses electron—hotemeination, acting as an electron sink
[75].

The results also revealed a significant differenceatalytic activity with variation
of calcination temperature. The NiT-500 photocaglgrepared at a calcination
temperature of 500 °C from hydroxide precursorjlaidd the highest hydrogen production
rate (1042umol ' ™). Despite the fact that NiT-500 has a significastinaller specific
surface area (537 %) compared to NiT-400 (2011g™Y), the catalyst was found to
exhibit 2.5 times higher hydrogen production atgigirable 2). This higher activity can be
explained by the presence of a highly photocatily active anatase crystal phase that

exceeds the activity of the less active titanatecttire, as well as improved crystallinity.
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Similar observations have been reported by otheliess, which found the increased
photocatalytic performance of titanate nanotubeskad by crystal phase transformation
[76]. Additionally, the influence of a higher conteof deposited Ni (1.@1t %) and

improved light harvesting ability due to absorptiorthe visible and near infra-red spectral
region (Figure S4, Supporting Information) on tiefocatalytic efficiency of NiT-500
cannot be ruled out.

Table2

A further increase in reduction temperature ledeoreased catalytic activity. The
modest hydrogen production activity of the NiT-6%Qalyst was caused by the
transformation of active anatase phase to soditamatie phase, i.e., a loss of anatase
structure (Figure 2b), pore structure deteriorafeigure 4b) and consequently decreased
available BET surface area (Table 1).

A strong effect of precursor type, i.e., the préaipn agent used, on the
characteristics of the prepared catalysts is reftethrough pronounced differences in their
photocatalytic activities (Figure 6). As evidendsdthe results obtained, the samples
prepared at 400 °C (NiT-400 and NiTC-400) exhibgedilar photocatalytic activity at
longer irradiation times (>1 h). The samples digpthlower activity than NiT-500, but
higher than NiTC-500. The observed higher hydrggeauction rates of NiT-400 and
NiTC-400 samples compared to NiTC-500 can be empthby their significantly larger
specific surfaces (201 and 188 gi', respectively). However, the importance of the
anatase phase in the photocatalytic process cdisterned from the maximal hydrogen

production rates normalised to the specific surtzea (Table 2). For example, this value is
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over 2.5 times higher for NiTC-500 (6.7#nol > m™) than the corresponding values
obtained for NiT-400 and NiTC-400 catalysts (2.0d 2.66umol H™* m™).

On the other hand, clear differences in photoagtivetween the catalysts reduced
at 500 °C were observed. The sample prepared fyaimokide precursor (NiT-500)
exhibited remarkably higher activity compared sdarbonate counterpart (NiTC-500).
The better performance of NiT-500 cannot fully lplained by its higher specific surface
area. As evidenced from Table 2, maximal hydrogexyrction rate normalised to the
specific surface area is higher for hydroxide-origatalysts, suggesting that additional
catalyst properties, other than surface area, agreminent effect on catalyst
performance. According to the obtained XRD patt¢Figure 2b), NiT-500 catalyst
contains a higher amount of anatase phase comfmaitsdcarbonate counterpart, NiTC-
500, implying the dominance of anatase phase erahting catalyst performance.

In the context of photocatalytic water splittingpéications, long-term catalyst
stability is an important milestone for achievingthhydrogen production efficiency and
long-term performance. For the purpose of studgsiglyst stability through a
continuous reaction system, it is more appropt@aigain information about catalyst
stability from performed activity tests than to feem additional recycling tests.

The results presented in Figure 6 indicate thahupaching the maximum rate
(t=40 min), the hydrogen production rate fell overyitag times, depending on the applied
catalyst. Since photocatalytic hydrogen producisocarried out through a
continuous reaction system, a stable catalystpe@®d to exhibit a constant rate of
hydrogen production whereas any perceivable chanlggdrogen production after

reaching the steady-state reflects a reductiomtalyst activity. In the context of this study,
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the hydrogen production rate, ol i™* g) is normalised to the maximal hydrogen
production rate, Rax(umol it g™ (Figure 7a) to quantify the activity drop. Thesho
scientifically sound methodology for comparisorcafalyst stability involves comparing
the performance of catalysts at equal conversiegldarather than reaction times.
Therefore, the reduction in catalyst activities waspared for the same amount of
hydrogen evolved. In the next step, the cumuladtiwdrogen evolution curves (Figure 7b)
were generated by integrating the curves in Figuteshould be noted that after dead time
of 40 min, an almost linear dependence of evolwatidgen versus time exists for all
catalysts. For the sake of clarity, only two valoésvolved hydrogen were selected
(0.5 mmol g*and 1.0 mmol ) and the required time for their production watedained.
The obtained values of production times have baed further to read off the values of
R/Rmax from Figure 7a. The stability of the catalysts Mi00O, NiTC-400, NiT-500, and
NiTC-500, defined as the ratio between hydrogempction rate observed at the reaction
time when predetermined production of hydrogerciseved (R and maximal hydrogen
production rate (Ray, is presented in Figure 7c. The unmodified H-Ti&d NiT-650
were discarded from further analysis due to thehgdrogen production yield.
Figure?7

The obtained results revealed that the catalgbilgy is strongly influenced by the
catalyst preparation temperature; the catalystsaestiat 400 °C exhibited higher stability
compared to the stability of those reduced at &00Furthermore, carbonate-origin
catalysts showed lower stability compared to thgdroxide counterparts. Thus, the
greatest drop in activity was observed for NiTC-508ile NiT-400 possessed the highest

stability among the investigated samples. The ofeskresults undoubtedly indicate the
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importance of preservation of the nanotubular stimecfor increased stability of the

catalysts after thermal treatment.

CONCLUSIONS

Nickel-modified catalysts were prepared by deposiprecipitation of nickel ions onto
titanate supports using hydroxide or carbonateipitation agents, followed by hydrogen
temperature-programmed reduction. The temperatir@80 and 650 °C were found to be
suitable reduction temperatures to ensure compaeltiection of Ni(ll) species, while

400°C was the maximum temperature for maintaining thanotubular structure. The
nickel hydroxide precursor showed more facile réaility compared to its carbonate
counterpart. The catalysts preserved a mesopatanate structure with nanotube
morphology up to 400 °C, with high specific surfacea and unchanged pore diameter.
The increase in temperature above 400 °C resultddterioration of nanotubular
morphology with a significant reduction in speciigrface area, loss of mesoporous
structure and transformation of titanate into aset@nd sodium titanate phases. The
catalyst reduced at 500 °C using hydroxide preatipig) agent displayed the highest
photocatalytic activity towards hydrogen productidhe better performance of the
hydroxide catalyst compared to its carbonate copatewas attributed to its higher
specific surface area and higher content of angiagse. On the other hand, both carbonate
and hydroxide catalysts reduced at 400 °C, with Bigface area and titanate phase
structure, displayed similar photoactivity. Thedeoff between the specific surface area
and the presence of the anatase phase governgtitmesation of synthetic parameters that

lead to an efficient photocatalyst for hydrogenduation. The catalysts reduced at 400 °C
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displayed higher stability compared to those redwtes00 °C, highlighting the prominent

influence of the retention of a nanotubular strueton catalyst stability.
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Figure Captions

Figure 1. TPR/MS profiles ofa) hydroxide andb) carbonate precursors; reduction
conditions: 5v0l % of H, in Hy/Ar mixture; flow rate 20 mL mift; heating rate 10 °C min
1.

Figure 2. Powder XRD patterns @¢&) H-TiNT, NiT-400 and NiTC-400 an¢b) NiT-500,
NIiTC-500 and NiT-650. Symbols indicate the obsemessible reflections.

Figure 3. Low- and high-magnification TEM images @ b) H-TiNT, (c, d) NiT-500 and
(e, f) NITC-500.

Figure4. (a) Nitrogen adsorption—desorption isotherms éndBJH pore-size distributions
of the H-TINT and series of synthesised Ni-modifitdnate/titania catalysts.

Figure5. High-resolution XPS spectra (&) Tizp, (b) Ois and(c) Niyp, of synthesised NiT-
500 and NiTC-500.

Figure 6. Time-dependent hydrogen evolution rates over HITadd series of synthesised
Ni-modified titanate/titania catalysts. Experimdmanditions: temperature 2&;
concentration of catalysts 0.5 mg MiLconcentration of 2-propanol vl %.

Figure7. (a) Time-dependent photocatalytic hydrogen productaia (R) normalised to
the maximal hydrogen production rate (R, (b) Cumulative hydrogen evolution curves,
(c) The ratio between hydrogen production rates oleseav the reaction time when 0.5 and
1.0 mmol g* production of hydrogen was achieved)@d maximal hydrogen production

rate (Rnax)-
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Figure 2.
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Figure®6.
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Table 1. Elemental composition by EDX analysis, reductiooparties and textural

characteristic of H-TINT and series of synthesikizanodified titanate/titania catalysts

Sample

H Ni(0) EDX-Na, EDX-Ti, Sgers, Viotals  Vimess»  Dp,

consumed,  content,

umol g* wt % wt % wt % mg™ cnfg? cm’g? nm
H-TINT - - 70.5 283 1.19 0.82 13
NiT-400 40.3 0.2 n.d. n.d. 201 1.09 0.73 15
NiTC-400 17.9 0.1 n.d. n.d. 188 1.09 0.69 15
NiT-500 170.0 1.0 4.80 56.8 53 0.39 0.15 65
NiTC-500 145.4 0.9 5.30 52.4 34 0.33 0.09 60
NiT-650 281.1 1.6 6.82 54.8 25 0.10 0.05 70

#The amount of hydrogen experimentally consumedHereduction of Ni(ll) species at predetermined

temperature, presented per mass of the catalyst,

®The content of the metallic nickel of the reducathtyst based on the weight of the catalyst, catedl from

the amount of hydrogen experimentally consumed,

¢ Specific surface area calculated using Brunauermé&te Teller (BET) equation,

9 Total pore volume (Gurvich) determined at a relpressure pjp= 0.99,

¢ Mesopore volume determined from the Barrete Jayhkienda (BJH) method,

" Pore diameter with the highest pore volume in Bdsorption isotherm,

n.d.: not determined.
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Table 2. Maximal hydrogen production rates over H-TINT aadies of synthesized Ni-
modified titanate/titania catalysts; experimentatditions: temperature 25 °C,

concentration of catalysts 0.5 mg MLconcentration of 2-propanol 1.0 vol %

H production rate

Sample umol K g* umol it m
H-TiNT 40 0.14
NiT-400 404 2.01
NiTC-400 487 2.66
NiT-500 1042 19.7
NiTC-500 229 6.74
NiT-650 149 5.96
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modified with nicke

Jasmina Dostanié?, Davor Lon&arevié?, Vladimir B. Pavlovi¢®, Jelena Papan®, Jovan

M. Nedeljkovié®

4nstitute of Chemistry, Technology and Metallurgpijversity of Belgrade (National
Institute), Department of Catalysis and ChemicayiBeering, NjegoSeva 12, Belgrade,

Republic of Serbia

PFaculty of Agriculture, University of Belgrade, Depment of Agricultural Engineering,

Nemanjina 6, 11080 Zemun, Republic of Serbia

“Institute of Nuclear Sciences Vi University of Belgrade, P.O. Box 522, 11001

Belgrade, Republic of Serbia

44



45



Figure S1. EDX spectra ofa) H-TiNT, (b) NiT-500, (c) NiTC-500 andd) NiT-650.
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Figure S2. XPS survey spectrum of the prepared NiT-500 andIN»DO.
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Figure S3. (a) Low- and(b) high-magnification TEM images of the prepared 6H0.
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Figure $4. Kubelka-Munk transformations of diffuse reflectidata of H-TINT and series

of synthesised Ni-modified titanate/titania catédys

49



