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Abstract

Atmospheric plasma spraying (APS) has been prosgetulin obtaining Ti@ coatings
with effective photocatalytic activity. However, eth influence of feedstock

characteristics on photocatalytic activity has habden addressed.

This study was undertaken to prepare sli@hotocatalytic coatings by APS from
different feedstocks. The feedstocks were obtaimgdpray drying suspensions of a
nano- and a submicron-sized TiPowder, with different solids contents and/orasti

of the nano- to submicron-sized particles. All thesulting powders were fully



characterised to assess their suitability for us@PS processes. Feedstock powders
were then deposited on steel coupons by APS usidgogen or helium as secondary
plasma gas. Coating microstructure and phase catigrog/ere characterised. Coating
photocatalytic activity was determined by measuthmgdegradation of methylene blue

dye in an aqueous solution.

Powder characterisation showed that all feedstotlk plasma spray operation
requirements with regard to agglomerate size bistion and density, as well as to
powder flowability. Optimum agglomerate density wdgained when a well-balanced

mixture of nano- and submicron-sized particles used.

All coatings displayed a bimodal microstructurehwpartially melted agglomerates that
retained the initial nano- or submicron-sized gtricee and composition (anatase phase)
of the feedstock, surrounded by a fully melted matnainly formed by rutile. As

expected, coating porosity as well as the amourpaofially melted areas depended

strongly on plasma spray conditions and on fee#tstbaracteristics.

With regard to photocatalytic activity, a reasowyagjbod fit of a first-order kinetic
model to the experimental data was found for akliticgs. The kinetic constants
obtained displayed higher values than those ofanoercial sol-gel coating. The values
of these constants were related to feedstock ctegistacs as well as to plasma spraying
conditions on the basis of anatase content. Théribation of other factors to the

resulting coating surface is also discussed.
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1. INTRODUCTION

Titanium dioxide (TiQ) is known to be one of the best photocatalysts wuéts
chemical stability, low cost, and lack of toxicity]. For photocatalytic applications,
titanium dioxide can be used in powder form (sluwy immobilised in thin layers or
coatings obtained by different deposition techngquieO, powders display outstanding
photocatalytic efficiency compared with their cogticounterparts due to their higher
specific surface area. However, the separatiorowfder from the liquid used in water
treatments and subsequent recycling process isasyt, owing to the nanometre-sized
nature of the powder. The engineering of photogatatlevices and reactors based on
supported photocatalytic coatings has consequendiyyn much scientific attention in

recent years, evidenced by a number of intereséivigws on the subject [2, 3].

Titanium oxide coatings with many applications haween prepared for years by
thermal spraying routes due to the hardness, wadr aorrosion resistance, and
biocompatibility of such coatings [4, 5]. In thestdew years, intensive research has
shown that thermal spray techniques, especiallpgpimeric plasma spraying (APS) can
also be used to obtain nanostructured ;TEatings with effective photocatalytic
activity [6-8]. Obtaining nanostructured coatingg APS requires the reconstitution
(granulation) of starting nanopowders into a spiég/aize, since nanoparticles can not
be deposited directly because of their low masspad flowability. Spray drying is the

main method used to achieve this goal [9].



Many of these studies have shown the need to peeser high an amount of anatase
phase in the coating as possible, due to its sup@itiotocatalytic performance in

comparison with that of rutile [6, 10, 11]. Howewvidre factors that control anatase
phase distribution in the final layers still remainclear. Regardless of the nature and
composition of the feedstock, a mixture of anatase rutile is always encountered due
to the well-known anatase to rutile transition, evhiin turn depends, among other
factors, on the particle size of the starting phfs215]. Many authors have thus

observed that the anatase content in the coatingsgty depends on the thermal spray
process conditions [6, 12, 13]. More specificathgst of the anatase content in the final
coating is assigned to the partially melted or uitede areas that preserve the
nanostructure of the starting feedstock. For tleason, the spraying parameters

affecting the energy input of the plasma need tedrg carefully adjusted [14].

Although the role of the feedstock on the microstinee and final characteristics of the
APS TiG, coating is clearly recognised, this has drawtelifittention in the literature
[12, 16]. Nor has photocatalytic activity been added in these studies. In a recent
study, the authors reconstituted different nanagarsuspensions of Ti) obtaining
sprayable feedstocks that were subsequently depgasit APS, yielding coatings with
good photocatalytic activity (similar to that ofcammercial sol-gel coating) [17]. In
addition, a feedstock comprising nanometre- andnstdometre-sized Ti@ particles
was shown to produce coatings exhibiting slightighler photocatalytic activity than
that of the coatings obtained from feedstocks esxeitly made up of nanoparticles. This
was a quite interesting finding because it meaat tte use of a bimodal distribution of

submicron- and nano-sized particles in the precussispension for the spray-dried



feedstock could give rise to significant benefits particular higher suspension solids
content and lower viscosity. This would in turnlglidetter properties in the resulting
feedstock agglomerates, namely denser agglomeaatesnproved powder flowability.
No less importantly, the cost of the feedstock dobk significantly reduced by

replacing nanoparticles with submicrometre-sizeadigas.

The present study was undertaken to obtain, Pilibtocatalytic coatings by APS from
different feedstocks. Suspensions were therefaepgred of a nano- and a submicron-
sized TiQ powder, with different solids contents and/or gatiof the nano- to
submicron-sized particles. All suspensions wera tleeonstituted by spray-drying to
obtain suitable plasma torch feedstocks. The feelistwere applied under different
plasma spraying conditions and the photocatalyivi#y of the resulting coatings was
assessed. The relationship of feedstock charaatsrie coating photocatalytic activity

is discussed.

2. EXPERIMENTAL PROCEDURE

2.1. Preparation and characterisation of spray-dried feedstocks

Two powders were used as starting materials: a mubmsized, high purity anatase
(Merck, Germany) with a mean patrticle size of Qu8b and specific surface area of 9.5
m?/g, and a commercial titania nanopowder (AEROXIDE25, Degussa-Evonik,
Germany). The P25 nanopowder has been widely usedany previous studies on
photocatalysis [18]. It contains anatase and ryflases in a ca. 3:1 ratio with a mean

particle size of 2640 nm [19].



Concentrated suspensions with a total solids ctsteanging from 20 vol.% to 40
vol.% were prepared from the above powder sampiesh were mixed in proportions

of 0 to 100%. The suspension references and clesistcis are detailed in Table 1.

Table 1. Characteristics and references of the suspensrepsued as set out in the text

Powder composition (wt%)Suspension solids content (vol.¥%)Viscosity (cP) Density (g/cri) | pH
0 Ts*- 100 T 30 >5000 1.7 7.
25Ts-75Tn 30 2000 1.8 7
50 Ts-50 Tn 30 1440 1.8 5
75Ts-25Tn 30 1640 1.8 6
100 Ts-0Tn 30 1110 1.9 6
50 Ts-50Tn 20 330 1.5 7.
50 Ts-50 Tn 40 >5000 2.1 7

W Ts: submicron-sized Tigpowder

@) Tn: nanosized Ti@powder

®) Determined by torsion wire viscometer (GallenkavitpA-205, FISONS, UK

The preparation route for the mixed suspensionsased on procedures developed
previously for the preparation of 100%, concenttat@no- or submicron-sized TiO
particle suspensions, set out elsewhere [19, 2@ryEsuspension was thus prepared by
first adding the PAA (polyacrylic dispersant, DURAM ™ D-3005, Rohm&Haas,
USA) required to disperse the nanosized titaniatf4 with regard to the nanoparticles)
and then the PAA required to disperse the submicioowder (0.3 wt% with regard to
the submicron-sized particles). In a second stappfniand submicron-sized powders
were added and the mixture was dispersed firstrumegehanical agitation (15 min) and
then with variable sonication time, which dependedthe nanoparticle content in the

suspension. Table 1 shows the characteristicsegbtdpared suspensions.

Spray-dried granules were obtained from all suspessin a spray dryer (Mobile
Minor, Gea Niro, Denmark) with a drying capacity ofkg water/h. Spray-drying

efficiency was about 460%. For the sake of simplicity, the same refersneere used

- DD
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for the powder samples as those assigned to thespanding starting suspensions
detailed in Table 1. Granule size distribution wasasured by dry sieving. Spray-dried
granule bulk density was calculated from powdepéabdensity as previously reported
[21]. Powder flowability was evaluated in termsthé Hausner ratio, determined by
dividing tapped density by bulk density. Free-flagripowders present a Hausner ratio

< 1.25[21].

A field-emission environmental scanning electrorcnoscope, FEG-ESEM (QUANTA
200FEG, FEI Company, USA) equipped with an energpeatsive X-ray spectrometer

(EDAX Genesis, USA) was used to analyse feedstdckostructure.

2.2. Preparation and characterisation of the APS coatings

TiO, coatings were deposited by APS on metallic sutestrgAlSI 304) prepared as set
out elsewhere [22]. The plasma spray system causadfta gun (F4-MB, Sulzer Metco,
Germany) operated by a robot (IRB 1400, ABB, Swited). The main spraying

conditions are shown in Table 2, together with atineate of plasma enthalpy [23].
Deposition was performed using argon as primary @& hydrogen or helium as
secondary gas. Helium gas was used to reduce #tertensity of the plasma jet. In
addition, the following spraying conditions were pkeconstant throughout all

experiments: anode nozzle internal diameter = 6 powder injector diameter = 2 mm,

feedstock feed rate = 30 g/min, and scanning s#prsm.



Table 2. Main plasma spraying parameters used in the expetsn

Secondary Ar H, He @) @y )y, DAH
p'g‘ia (dpm) | (dpm) | (spm) | (A) m) | (mis) | (MIkg)
H, 38 14 600 0.12 1 26 + 2
He 40 20 600 0.12 1 12 + 1

slpm = standard litre per minute

@) = arc intensity

@)d = spraying distance

®ly = spraying velocity

“AH = enthalpy

A quantitative crystalline phase composition analysom X-ray diffraction data was
conducted based on the Rietveld refinement. The XRferns were obtained using a
Theta-Theta model diffractometer (D8 Advance, Bruk&ermany) with Culk
radiation § = 1.54183 A). The generator settings were 45 k¥ 3@ mA. The XRD
data were collected in & 2f 5-90° with a step width of 0.015° and counting tinfie o
1.2 s/step, by means of a VANTEC-1 detector. Detailthe Rietveld procedure have

been reported elsewhere [17, 24]. Content (wt%) @wysitallite size of the crystalline

phases (anatase and rutile) were calculated byrtéikod.

Micrographs of cross-sections of the coatings wayained with a SEM instrument
(JSM6300, JEOL, Japan), and coating roughness weasured with a contact
profilometer (HOMMELWERKE T8000 (HOMMELWERKE, Germg). The
roughness test consisted of obtaining 81 profiles4.8-millimetre length until a
topographic map of 4.8x4.8mm was created. The ffutsed to obtain the roughness

parameter (Ra) after the measurements was 0.8 mm.



Finally, coating porosityand semi-melted particle fractiongere evaluated by image
analysis(Image pro-Plus, Media Cybernetics, Inc., USA) frian backscattered electron

mode micrographs at 400 magnifications obtaine&bB. [25].

2.3. Assessment of coating photocatalytic activity

Coating photocatalytic activity was assessed bghystig the decomposition of a 5 ppm
methylene blue (MB) aqueous solution under UV riaain Irradiation was performed
in a chamber using a UV-lamp.H370 nm) with an intensity of 2.5 mW/émThe
coated samples (disks) were immersed in a gladebeantaining 25 ml of a 5 ppm
MB solution. MB solution absorbance was measure@6dt nm wavelength, which is
the maximum absorption peak of MB, using a UV-Jsibpectrometer (Spectro SC,
Labomed Inc., USA). In order to allow the MB to &gsorbed on the TiGsurface, test
pieces were kept in contact with the solution fértin the dark. During this time, MB
concentration decreased less than 10 % of thalicbincentration. In addition, the dark
test showed that the MB concentration hardly vaaédr 30 min contact of the MB
solution with the coating. For this reason, the pesces were kept in contact with the
MB solution for 30 minutes in the dark, prior taadiation, after which the MB
concentration was determined. The samples were d¢betinuously irradiated, a 6 mi
volume being withdrawn after 1, 2, 3, 5, 7, 11, d&&dh irradiation to determine the
concentration. The solution was stirred before esampling and the withdrawn test
liquid was returned to the solution after UV measuent. A blank sample with no
coating was tested to evaluate the influence of rdifiation on the decrease in MB

concentration by photolysis.



3. RESULTSAND DISCUSSION

3.1. Characterisation of the feedstocks obtained by spray drying

Figure 1 shows FEGSEM micrographs of the as-spraegtgpowders obtained from all
suspensions at different magnifications. The typo@ughnut-shape morphology of
spray-dried agglomerates was observed in certaamuigs of all powders [25]. In
addition, the agglomerates displayed a quite homeges, spherical morphology. Most
granule sizes ranged from approximately it to 200um. The presence of some
satellite-like granules stuck to bigger ones was albserved. It was furthermore noted
that sample 50Ts-50Tn (40 vol.%) was made up ofendeformed (less spherical)
granules with large inner holes inside the coagsanules. This was due to the high
viscosity of the sample starting suspension ascatdd in Table 1. That is, the higher
the viscosity of the spray-drying suspension, tharger and the more elongated were
the resulting granules, as set out elsewhere [®}ertheless, no clear tendencies could
be established from the micrographs with regardtémting suspension characteristics
and agglomerate size distribution. On the othedhaigher magnification of the solid
areas of the agglomerates of all powders revedlatithe granules were porous and
formed by agglomeration of the individual nano- aabmicron-sized particles. Again,
differences could be observed between the samplesncrease in submicron-sized
particle content in the starting suspensions tlegsned to give rise to a denser patrticle
arrangement in the granules as a result of a bb#mce between coarse and fine

particles.
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0 Ts- 100 Tn
30 vol.%

25Ts-75Tn
30 vol.%

50 Ts - 50 Tn
30 vol.%

75 Ts-25Tn
30 vol.%

100 Ts -0 Tn
30 vol.%

50 Ts - 50 Tn
20 vol.%

50 Ts-50Tn
40 vol.%

Figure 1. Micrographs of the as-spray-dried powdsatained from all suspensions at
different magnifications.
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The granule size distributions of the two seriesahples, measured by dry sieving, are
shown in Figure 2. It should be noted that the mimn mesh aperture available for dry
sieving was 45um. As may be observed, all powders exhibited singaite narrow
granule size distributions except sample 0Ts-10QU00% nanoparticle content), in
which the distribution shifted to coarser granuiees with practically no granules
below 60 um. This shift was caused by the high viscosity lé sample starting
suspension (see Table 1) [26]. It is generally gas®ed that thermal spray powders
should adopt agglomerate size distributions randgmg 10 to 100um so that the
feedstock can flow and melt during the plasma spgagration [9]. In this case, all the
feedstocks contained coarser agglomerates, maittynvthe 125-20Qum range due to
the relatively high viscosity of the suspensionsedudo spray-dry. Nevertheless,
according to previous research by the authorscthasser agglomerate fraction does not
affect the feedstock sprayability in the plasmahear microstructure and final properties

of the coatings [17, 25].

30 vol.% 50Ts-50Tn

- 0020 vol.%
ggg?slggﬂ 30 vol.%
1 u 1.%

50 1| ®50Ts-50Tn 50 40 vol.%
B 75Ts-25Tn
H100Ts-0Tn

Mass (%)
w
o
Mass (%)
w
o

>400 400-300 300-200 200-125 125-63 63-45 <45 >400 400-300 300-200 200-125 125-63 63-45 <45
a) Mesh (mm) b) Mesh (mm)

Figure 2. Granule size distributions measured lyystieving: a) samples in which the
ratio of the nano- to submicron-sized particles wiaanged; and b) samples in which
the solids content of the starting suspensionswaesd.

Two other properties of interest in spray-dried gewfeedstock for plasma spraying

are plotted in Figure 3: the Hausner ratio, whishdlated to powder flowability, and

12



agglomerate bulk density, which is directly relatedoowder weight. According to the
literature [9], relatively dense (higher than 10K§'m’® apparent density) and free-
flowing agglomerates are required for plasma tofeéd. In general, all samples
exhibited adequate characteristics for use as AR&Igrs. However, certain differences
could again be observed among the samples. Witrdelg agglomerate bulk density,
raising submicron-sized particle content in thetstg suspension led to significant
enhancement of agglomerate density as a resulteobeétter packing efficiency of the
resulting bimodal (nano- and submicron-sized) pkrtsize distribution (Figure 3a).
Studies based on particle packing models have shinahthe maximum packing
density for bimodal distributions of spherical paés is found in mixtures comprising
60-70 vol.% of coarse particles and-3® vol.% of finer particles, the latter filling the
interstices created by the coarser ones [27]. @nother hand, as expected, raising
starting suspension solids content gave rise tesateagglomerates (Figure 3b). Both
findings confirmed the micrograph observationsaétabove. With regard to powder
flowability, all samples could be considered fremsing powders [28]. The small
differences observed in sample Hausner ratios didallow correlations between
agglomerate characteristics and these ratios &stablished (Figure 3c,d). In short, all
analysed feedstocks met plasma spraying requiramétit regard to agglomerate size

distribution and density, as well as to powder tinlity.

13
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c) 0Ts-100Tn 25Ts-75Tn 50Ts-50Tn 75Ts-25Tn 100Ts-0Tn d) 20 vol.% 30 vol.% 40 vol.%

Figure 3. Variation of agglomerate bulk density atalisner ratio respectively for: a)
and c) powders in which the ratio of the nano- tbrsicron-sized particles was

changed; and b) and d) powders in which the saaigent of the starting suspension
was varied.

3.2 Coating microstructure and phase distribution

As noted above, all powders were previously dryesieat 200um mesh aperture to
remove very coarse agglomerates. The resulting psaere then deposited by plasma
spray under two different spraying conditions, using either hydrogen or helium as
plasma secondary gas (Table 2). A total of 14 ghffe types of coatings were thus
plasma sprayed. The coating samples were assipeeshine references as those used
for their powder counterparts (Table 1). For thieesaf simplicity, Figure 4 shows SEM
micrographs of only 4 coatings obtained with Hs secondary plasma gas. No
significant differences were observed for the ottmatings obtained with Hand He.

Micrographs of this type of coatings obtained fréte can be observed in previous

14



research [17]. The coatings displayed the typicatrostructure of TiQ layers
deposited from nanostructured or submicron-sizetige feedstock reported in the
literature, according to which these coating mittadures basically comprise two
clearly differentiated zones, yielding a bimodalsture [10, 16, 17, 29]. One coating
region, which was completely melted, consisted igadh an amorphous titania matrix
with recrystallised nanometre-sized grains of eutRietveld analysis revealed that the
rutile crystallite size in the coatings ranged fr88inm (coating 75Ts-25Tn obtained in
Hy) to 131 nm (coating 100Ts-0Tn obtained in He). Ditiger coating region, which
was only partially melted, largely retained the mostructure of a slightly sintered or
non-sintered starting powder. This microstructuees wherefore principally made up of
nanometre- to submicron-sized grains of anataseth@nother hand the amount of
unmelted zones appeared to increase as submiaed-particle content in the
feedstock rose. Figure 5 shows higher magnificatimorographs of coatings OTs-
100Tn (100% nanoparticles in the powder feed) @@irs$-0Tn (100% submicron-sized
particles in the powder feed). As expected, the elted areas consisted basically of
nanoparticles or submicron-sized particles thaturaergone some degree of sintering.
Thus, under given plasma spray conditions (plasmeagy), the amount and size of the
particles inside these unmelted zones obvioushen@pd not only on the size of the
particles making up the feedstock agglomerates ofpaicles or submicron-sized
particles), but also on other feedstock charadiesissuch as agglomerate size and
density. The difficulty in analysing the structufkthese unmelted zones made it hard to
try to establish correlations between feedstockratttaristics and unmelted zone

microstructure.

15



50um L T 50Mm

Ia) b)

Ic) I d)

50pm 60pm

Figure 4. SEM micrographs of the coatings obtainsithg H as plasma gas from: a)
0Ts-100Tn (100% nanoparticle feedstock, 30 vol.By)50Ts-50Tn (50% submicron-
sized particle and 50% nanoparticle feedstock, 80%); c) 100Ts-0Tn (100%

submicron-sized particle feedstock, 30 vol.%); dp80Ts-50Tn (50% submicron-sized
particle and 50% nanoparticle feedstock, 40 vop#yders.

Finally, with regard to porosity, all coatings wererous, exhibiting the typical lamellar
structure of plasma sprayed coatings. Smaller pewegs thus located within individual

lamellae and larger pores were found along thelartesllar boundaries [30].
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20pm
b)

Figure 5. Higher magnification SEM micrographstué toatings obtained from: a) OTs-
100Tn (100% nanoparticle feedstock); and b) 100Ms-@100% submicron-sized
particle feedstock) powders with He as plasma gas.

In view of the above, the total porosity of the thogs, as well as the extent of the semi-
melted areas, was estimated by image analysisGatmé&@nifications using a procedure
set out elsewhere [25]. The porosity and semi-rde#teea data for all coatings are
represented as histogram plots in Figure 6. Tigigré (left) shows that the porosity of
all coatings displayed the values typically foundAPS coatings. In general, porosity
increases when helium gas is used owing to therl@igsma heat input [6, 16, 29].
However, unlike a previous study on nanostructuieebistocks [17], the effect of
feedstock characteristics on coating porosity was abserved. It was thus noted that
introducing submicron-sized patrticles in a nanadtmed powder led to less reactive
plasma torch feed, resulting in coatings with higperosity. However, there was no
direct relationship between submicron-sized particbntent and porosity. This was
because the increase in submicron-sized particde® gise to denser agglomerates,
contributing to lower coating porosity. With regaalthe effect of starting suspension
solids content on the porosity of the coatings ioleth with the resulting feedstocks, the

data suggest that coating porosity decreased a&is smintent increased, owing to the

17



higher density of the agglomerates obtained froenstinspension with the higher solids
content, as set out above. This confirms the resolt a previous study on

nanostructured AD3;-TiO, coatings [25]. However, sample 50Ts-50Tn (40 vl.%
departed from this trend, probably because of tigh liscosity of the 40 vol.%

suspension, which made it difficult to properly foem the spray-drying operation. In

regard to the unmelted or partially melted areasg@pected, the use of helium as
plasma gas led to a significant increase in thesasaowing to the lower plasma heat
input provided by helium compared to that of hyadnegin addition, when He gas was
used, the extent of the semi-melted areas alsosigadicantly as the submicron-sized
particle content in the feedstock increased. Thigfiomed the conclusions drawn from
the micrographs shown in Fig. 4. In contrast, theemt of the unmelted areas in the
coating displayed no clear trend with the feedstooktained from suspensions with
different solids contents. This was probably beeaws previously reported, porous
nanozones are produced by two simultaneous, ab&gonistic effects: the melting of
agglomerates and the infiltration of the moltenlish@o the inner porosity of the

agglomerates [5]. However, the effect of aggloneegairosity on the evolution of both

phenomena is far from being proved. It may be nabed, on varying plasma spray
conditions as well as feedstock characteristios, éktent of the unmelted areas went

from 5% to almost 50%, as shown in Fig. 6.

18
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Figure 6. Porosity and semi-melted areas respdgtioe a) and c) coatings obtained
from samples in which the ratio of the nano- torsidoon-sized particles was changed,;
and b) and d) coatings obtained from samples irchvtiie solids content was varied.
With regard to the phases present in the finalicgst in all cases the coatings were
mainly made up of variable amounts of rutile andtase phases, with minor contents
of Magneli phases as previously reported [31]. Baywf illustration, Figure 7 shows
the XRD patterns of two extreme samples: the cgatibtained from 0Ts-100Tn
feedstock (100% nanosized particles) and the apatihtained from 100Ts-0Tn

feedstock (100% submicron-sized particles) depdsitéh hydrogen and helium. In

both spectra, the coatings obtained witheidhibited a less crystalline pattern than those

deposited with He.
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R = Rutile R A= Anatase

A = Anatase R= Rutile‘ . ) )
R TigO,, = Titanium oxide (TigO, ;) TigO45 = Titanium oxide (TigO,s)
Ti3O0s = Titanium oxide (Ti;O5)

A
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a)
Figure 7. XRD patterns of the coatings obtainetlydrogen and helium from: a) OTs-
100Tn feedstock (100% nanosized particles); andl@)Ts-0Tn feedstock (100%
submicron-sized particles).

Using the Rietveld method, it was found that themuaystalline phase present in the
coatings was rutile, rangirfgom 18 to 58 wt%. However, anatase is the mosbitamt
phase for photocatalytic application. The calcuadmatase content in all coatings is
plotted in Figure 8. The coatings obtained withidral exhibited a much higher anatase
phase content, regardless of the feedstock use2B[6Regarding the influence of the
starting powder, the two plots in Fig. 8 are vamjikar to the equivalent plots in Fig. 6,
in particular for the coatings obtained with Hewihich the extent of the unmelted areas
and the anatase content were much higher. Thidasityiindicates that most of the
anatase content in the coating was related to ineelied areas, in which the starting
anatase content was preserved without undergoagrihtaserutile transition [15, 32].
These findings are in good agreement with the tesaported in the literature [6, 10].
In this respect, most of the research on;TKPS coatings has demonstrated that the
metastable anatase phase in these coatings istaruigsively related to the presence
of unmelted starting agglomerates. In fact, sonteas [12] have shown there was a
good linear fit between the areas of the partiabited or unmelted zones in the coating

with the anatase content.
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Figure 8. Anatase content in the coatings calcdldtg the Rietveld method for: a)
feedstocks in which the ratio of the nano- to sulam-sized particles was changed,;
and b) feedstocks in which the solids content veaged.

Nevertheless, although other authors [16, 33] hslkrewed that some anatase is
encountered even when the feeding powder is punélg, the resulting anatase content
in the coating was always much lower than that inbth when anatase powder
feedstocks were used. Thus, when the anatase tamtle coatings was plotted versus
the extent of the unmelted areas (Figure 9), aihalata scattering is observed, the plot

suggests that the anatase particles preserveceinrtimelted areas provided the most

relevant contribution to the anatase content irctieging.
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Figure 9. Relationship between anatase conteneataht of the unmelted areas for all
coatings: a) feedstocks in which the ratio of thea to submicron-sized particles was
changed; and b) feedstocks in which the solidserantf the starting suspensions was
varied.

21



The anatase crystallite size (in nm), calculatedheyRietveld method, is also detailed
on the top of each histogram in Fig. 8. In genesdlen less energetic conditions were
used (He gas) during plasma deposition, there wgeod relationship between the
crystallite size of the anatase phase and the wHtithe nano- to submicron-sized
particles in the feedstocks. That is, the higheramount of submicron-sized particles,
the coarser was the crystallite size. This aganficued that most of the anatase phase
present in the coating was related to the presepeatially melted areas. On the other
hand, anatase crystallite size was observed t@aserin most coatings when Was
used as secondary gas instead of He. Hydrogen esthduweat transfer from the plasma
to the feed, raising particle temperature and herghg the sintering effect. This was
particularly noticeable in the coating obtainednirthe 0Ts-100Tn feedstock (100%
nanoparticles), in which the enhancement of crijigadize on switching from He toH
was very pronounced. This was because the plaser@yemas sufficiently large to
significantly reduce the extent of unmelted zoned 8 promote nanoparticle growth

by sintering.

Finally, roughness (Ra parameter) was measurell @datings. Small differences were
observed between the coatings. The Ra values rdng®d3.5 + 0.3um (coating OTs-

100Tn) to 5.7 + 0.4um (coating 100Ts-0Tn).

3.3 Assessment of coating photocatalytic activity
Coating photocatalytic activity was determined byasuring the degradation of
methylene blue (MB) dye in an aqueous solution. ther sake of simplicity, Fig. 10

shows the variation in MB concentration with ir@ibn time for the solutions in
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contact with only three representative coating damp0Ts-100Tn, 100Ts-0Tn, and

50Ts-50Tn (30 vol.%) together with a blank substrat
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€
Q
£
c
2
[
c
[}
o
&
o o
a4)]
s ¢ 0 Ts-100 Tn (Hydrogen) ¢ 0 Ts-100 Tn (Helium)
1 | =50 Ts-50Tn (Hydrogen) ©50 Ts-50 Tn (Helium) 2
4 100 Ts-0 Tn (Hydrogen) a 100 Ts-0 Tn (Helium)
o Blank
0 1 1 1 1 1
0 2 4 6 8 10 12 14 16

UV irradiation time (h)

Figure 10. Variation of MB concentration with iriation time for the solutions in contact with
three representative coating samples: 0Ts-100TA%16anoparticle feedstock); 100Ts-0Tn
(100% submicron-sized particle feedstock); and SB0Bn (30 vol.%) together with a blank

substrate.

As can be seen, there were clear differences iMBieoncentrations at each irradiation
time. The coated samples exhibited a pronouncededse in MB concentration,
whereas the blank substrate displayed no signifidagradation after UV irradiation.
This confirmed the photocatalytic activity of thested coatings. Similar results were

obtained for all coatings, regardlexfshe feedstock used.
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The variation in MB concentration with time may pletted using a first-order kinetic
equation, as previously reported [11]. The consthmthotocatalytic activity k (f) can
then be calculated from the kinetic equation fithigher value of k means a faster

degradation rate of the organic molecule of MB,higher photocatalytic activity.

The rate constants determined from the kinetic mémleall coatings are shown as
histogram plots in Figure 11. The correlation coefhts of the kinetic equation fit are
included on the top of each bar. The correlatioafftments for all samples but one
were higher than 0.985, indicating reasonably gfitodf the experimental data to the
kinetic model. A similar fit was found by the authon previous research [11, 17]. To
better understand the magnitude of the photocatadffiect of these coatings, it may be
noted that a sol-gel, TgkQzommercial photocatalytic coating exhibited a @astant of

5.98 + 0.95102 h' [17].
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Figure 11. Rate constants determined from the ikinebdel for coatings obtained

from: a) feedstocks in which the ratio of the natm-submicron-sized particles was
changed; and b) feedstocks in which the solidserantf the starting suspensions was
varied.

As may be observed in Fig. 11, in general, the gtadtlytic effect represented by the k

values of the coatings obtained in this study wighkdr than that of the commercial
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product. In fact, certain k values doubled thathedf commercial layer. However, any
direct comparison between sol-gel and APS coatsigmild be performed with great
caution because the microstructure and, more irapthyt the thickness of these types
of layers are quite different. On the other harglFay. 8 led to expect, the coatings
obtained with He displayed higher photocatalytitivaty than those projected withJH
owing to the higher preserved anatase phase coriféet coatings deposited from
feedstocks made up of mixtures of nanometric arnamsronic particles therefore
exhibited greater photocatalytic activity than tbathe coating obtained from the OTs-
100Tn feedstock. In fact, except sample 100Ts-@mich did not follow the expected
trend), when the amount of submicron-sized pasidtethe feedstock increased, the
photocatalytic activity of the resulting coatingse. This confirmed previous research
in which the photocatalytic activity of differentamostructured feedstocks and one
nano- and submicron-sized TiGeedstock was first compared [17]. Finally, the
photocatalytic activity of the coatings obtainednfr the feedstocks in which the
suspension solids content was varied (coatingsT2Q, and T40), plotted in Fig. 11b,
was very similar in the three cases, without presgnany clear trend, though the

preserved anatase phase content in the coatingsteglrsome differences.

The value of k versus anatase content of all theioéd coatings is plotted in Figure 12.
To better understand the plot, the composition bé tsample in terms of

nano/submicron-sized particles or the vol.% corre¢ion indicated in Table 1 was left
as a reference of the different samples. As carsdan, although the data exhibit
significant scattering, the photocatalytic actiuvitiythe coatings for the MB conversion

displayed some correlation with the anatase phasé&wt. This is consistent with a
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substantial part of relevant publications [10, 28]. Consequently, higher anatase
phase content led to faster degradation of MB. i@ndther hand, the fact that higher
photocatalytic activity was obtained for feedstocksnprising mixtures of nano- and
submicron-sized titania powders confirmed that asetcontent played a greater role
than anatase crystallite size, provided the seffity fine anatase phase crystals
(nanometre- or submicrometre-sized) [13, 34]. lditaah, Figure 12 evidences that
coatings containing nearly 0% anatase also exkibiten-negligible photocatalytic
activity. In fact, other authors have reported platalytic activity of plasma sprayed
titania coatings mainly made up of rutile [7, 3&]though no justification for this
behaviour has been put forward.

30 vol.% 50 Ts-50 Tn
16 14

75 Ts-25Tn 20 vol.%

14 1 12 +

12 25Ts-75Tn 50 Ts;50Tn 10 4 + 30 vol.%

- 40 vol.%
~ 10 25T —75Tr|0T:§_1‘00Tn % 0
i+ 8- +

P
100 TS0 100 Ts-0Tn T
o + s0vol% 40 vol.%
o
-
X

0 Ts-100Tn 50 Ts-50Tn 6 20 vol.%

75 Ts-25Tn

k-10% (™

o N A O ®

+ Hydrogen 21 + Hydrogen
o Helium o Helium
0 5 10 15 20 25 0 5 10 15 20 25
Anatase (%) b) Anatase (%)

a)
Figure 12. k values versus anatase content foolathined coatings. Note that the
composition (nhano/submicron-sized particles) orubke2 concentration of the starting
suspensions for feedstock samples indicated ineTahbias left as a reference of the
different coatings.

The lack of a unique correlation between photogttahctivity and anatase content is
far from being unexpected. In a recent review ohsanisconceptions of photocatalysis
research, Ohtani states that photocatalytic agtigénnot be explained by just one
variable or parameter of the layer while it islIstihclear which properties of the

photocatalyst are significant and how many parareetee required for a description of

photocatalytic activity [36].
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The recent research on photocatalytic JTi€batings obtained by different plasma
spraying methods appears to be consistent withldlsisstatement. This suggests that
photocatalytic activity arises from a combinatidrstsuctural and chemical parameters.
Ctibor et al. found that the best plasma spray&d Toating in terms of photocatalytic
activity exhibited higher porosity, medium roughsiesome —OH groups on the surface
and more surprisingly interstitial nitrogen atom®sming from the ambient air that
surrounded the plasma [7]. In this same senseseareh on the effect of,Hblasma gas
on the presence of these —OH groups could be adteNlevertheless, in other studies,
porosity or surface roughness has been also prowtdto significantly influence
photocatalytic activity at least with regard to tperosity and roughness variations
found in plasma spray coatings [11, 17]. In fabe present research has shown the
secondary role of these structural parametersnmpasison with anatase content. Toma
et al. [37] also highlight the role played by thaltoxylation state of the coating surface
in enhancing photocatalytic performance. Finalltheo authors state that, since the
plasma used for thermal spraying is a strong U¥tlgpurce, photogenerated holes can
yield the formation of surface-bound hydroxyl greygvhich are oxidising agents and
play important roles in photocatalytic reaction8][3However, it should be noted that
all the research mentioned has been carried othebasis of a wide variety of model
compounds (liquids and gases) and methods, whidesnavery difficult to draw clear
conclusions. Consequently, as the JDotocatalytic reaction is a surface reaction, the
characterisation of surface states in regard tachienisorbed species, as well as to the
presence of vacancies and impurities, should beeaded. Further research is therefore
required to clarify the role of the coating surfacehe photocatalytic activity of plasma

spray TiQ coatings. Research to characterise the surfacXRfy, Raman and IR
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spectroscopy, as well as the determination of #rellgap by UV-visible spectroscopy,

is now in progress for certain selected coatings.

4. CONCLUSIONS

A nanostructured and a submicron-sized zljOwder were used to prepare feedstocks
for deposition by atmospheric plasma spraying. Téezstocks were obtained from
concentrated suspensions in which the solids ctmamd/or the ratios of the nano- to
submicron-sized particles were conveniently varigte suspensions were then spray-
dried to obtain APS feedstocks. These powders wieagacterised in terms of plasma

spraying requirements.

All powders met the recommendations set out in lkikerature with regard to
agglomerate size and density as well as to powdesbility. The feedstock obtained
from the 100% nanoparticle suspension exhibitedrger amount of finer (<4hm)
agglomerate size fraction. Higher solids contenthim starting suspension gave rise to
denser agglomerates. Maximum agglomerate densitg wlstained from binary
mixtures of nano- and submicron-sized particles rwhige mixture approached the
optimum volume ratio of 60 coarse (submicron-sizidi¥ine (nanosized) particles of

the ideal (spherical) particle packing models.

Regardless of the feedstock used, all coatingdagieg a bimodal microstructure with
partially melted agglomerates that retained thiainmano- or submicron-sized structure
of the feedstock surrounded by a fully melted maths expected, coating porosity and

the amount of partially melted areas increased whelium was used as plasma
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secondary gas instead of hydrogen, owing to theldg@lasma heat input. The increased
proportion of submicron-sized patrticles in the fgedk also contributed significantly to
the rise in unmelted areas, which reached up t@stlm0% of the total coating cross-
section. In all cases, the coatings were mainly anag of rutile (1858 wt%) and
anatase (1219 wt%), the preserved anatase particles in theeliathareas being the
most relevant contribution to the anatase contenthe final coatings. In addition,
anatase crystallite size increased whemwids used as plasma gas instead of He, owing

to the higher sintering effect provided by the logln plasma.

The degradation of methylene blue (MB) dye in anemys solution was used as a
method to assess the photocatalytic activity ofdba&tings. A reasonably good fit of a
first-order kinetic model to experimental data wasnd for all coatings. The kinetic

constants obtained displayed higher values thasetlob a commercial sol-gel coating.
When submicron-sized particle content increased{quatalytic activity was enhanced,
owing to the greater amount of anatase phase pegsén the unmelted areas of the
coatings. Although a direct correlation was foundiween anatase content and
photocatalytic activity, the significant data seatig observed indicates the contribution
of other factors apart from coating anatase contenparticular those related to the

coating surface.
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