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The atmospheric pressure plasma enhanced nanoparticle synthesis (APPENS) process is applied to produce
nitrogen (N) doped titania (Ti§) photocatalysts. With TTIP (titanium tetraisopropoxide; Ti#Big),) and

water vapors as precursors, the effect of plasma and annealing gas composition on the N-doping status is
identified by a cross comparison of the chemical shift of N atoms with those of Ti and O atoms. The activities
of various types of N-doped photocatalysts are evaluated via the conversion of isopropyl alcohol (IPA). The
results show that the N-doped Ti@articles with Q—Ti—Ny and—(NO) dopants are produced via Nlasma

gas followed by air or Blannealing gases. They have better visible and UV photocatalytic activities compared

to the pure TiQ photocatalysts prepared undes/& plasma and annealing gases. On the other hand, the
N-doped TiQ photocatalyst produced undeg/R,/Ar plasma gas and then annealed with pupeghls tends

to have an additional dopant ef(NO;), but its photocatalytic activity is even worse than those of the pure
TiO, photocatalysts. The results reveal that the-Oi—Ny and—(NO) dopants may have positive effects on

the visible light photocatalytic activity while the(NO,) dopant tends to have a negative effect on the visible

light photocatalytic activity.

1. Introduction The atmospheric pressure plasma enhanced nanoparticle
The TiO, photocatalysts have been extensively studied owing SYNthesis (APPENS) process developed by the present aifthors,
to their chemical stability and wide applications to environmental "egarded as one of the PECVD processes except that it is
pollution control* However, the pure Ti@photocatalysts can ~ OPerated under atmospheric pressure and temperature, can be
be effectively utilized under UVA( < 365 nm) light source u_sed for the produc_t|on of N-doped_Tg(partl_cles. In this study,
only. Thus the development of visible light photocatalysts has |1O2-xNx nanoparticles of near-uniform size are produced by
received wide attention in order to enhance the utilization rate the€ APPENS process. The N-doping status is varied by changing

of solar energy. The modified Tihat utilizes a visible light ~ the carrier gas compositions under plasma and annealing
source can be achievid by doping with various elements such atmospheres. The N-doping statuses of the photocatalysts are
as metals. F. S. N. etc. speculated by a cross comparison of the chemical shifts of Ti,

Nitrogen-doped Ti@has been recognized as one of the most O: @nd N atoms observed from the XPS data. The effects of
effective means for band gap narrowing via mixing of the 2p plas_ma and annealing gas compositions on the binding energies
state of substituted N with the 2p state of O in Fi@ttice? of Ti, N, and O and on the activities of N-doped photocatalysts
The sources of N-doping can be Nas, ammonium chloride, N terms of isopropyl .a.lcohql (IPA) conversion are identified
ammonia gas, or other N-containing compoufidlsand they under both UV and visible light sources.
are doped into Ti@Q photocatalysts to enhance photocatalytic
activity in the visible light rangé-2! 2. Core Level Binding Eneries of Ti, N, and O in

Up to the present, many methods have been documented tdN-Doped TiO,
successfully prepare N-doped Tifllms or particles, including

surface treatment of TiDtarget by sputterirfgor plasmat® Although it has been widely accepféd'*31> that TiN
manufacturing from Ti@ precursors via the plasma-enhanced dopmg in TIG, phqtocatalyst h_as a positive effect on th.e visible
chemical vapor deposition (PECVD) procésgulse laser light photogatalytlc activity since 'Fhe report of Asahi et“al.,
depositiort! the ion-assisted electron beam evaporation method, there are still other typezolf‘l ’Il&‘fgfo'gg existing sucr;—f(BIO),
and aqueous phase reactions such as thegsblmethodt3-17 —(NO), and (O-Ti—N).11416182021 Nosaka et at’® doped

Most of the studies on N-doped Ti@ommonly utilized XPS N atoms into commercial Tigparticles with organic compounds
(X-ray photoelectron spectroscopy) for the characterization of @nd observed the presence of TiN an@NO) in the photo-
N atoms present in Tibut the N-doping status was frequently ~c&talysts. They indicated that both TiN ardNO) doping in

reported as Ti@ Ny without specifying the actual N-doping TiO, contfibuted to visi_bl_e Iig_ht absorbance. _Howgv_er, Ti_N
status of the N impurity. tended to increase the visible light photocatalytic activity while
—(NO) doping had a negative effect on visible light photocata-

* Corresponding author. Fax: +886-3-5725958.E-mail:  hlbai@ lytic activity.

mail.nctu.edu.tw. .
* National Chiao Tung University. However, Sato et dtt and Yin et al*® prepared N-doped

*Yuanpei Institute of Science and Technology. anatase Ti@powders and obtained(NO) doping as the only

10.1021/jp0716233 CCC: $37.00 © 2007 American Chemical Society
Published on Web 10/03/2007




N-Doped TiQ Photocatalysts

J. Phys. Chem. C, Vol. 111, No. 42, 2001/5229

TABLE 1: Literature Data on the Core Level Binding Energies (eV) of Ti 2p, N 1s, and O 1468-10.13-16,18,20,21,2533

species

assigned doping status

Ti 2pa, 455.0-459.5
TiNxOy (455.29)

TiN (455.2+ 0.2%7455.6%5455.9+ 0.29)

TiO,_,Nx (456-45910 459, F)

titanium oxynitride (456.%)

oxidized TiN (456.8")

TiO, (458.52° 458.82531458 .8+ 0.3426 459. %)

Ti 2py2, 461.0-465.0 TiNOy (46129)

oxidized TiN (462.87)
TiO, Ny (464.48 463-4659)
TiO, (464.342° 464.42° 464. 7Y

N 1s (1), 395.8-397.8 TiNc-1 (395.859)

TiN (396,4610.1315273096,18 396.518 396.62° 396.72° 39728 397.2+ 0.526 397.85)

TiNxOy (39729
N 1s (1), 398.8-401.2

N-C, N—O, NN (399.25° 400910.13-15.2932398 8-400.328 398.9+ 0.8%)

molecularly chemisorbeg-N, (399.3% 400/#°27401.15°)
nitrogen contaminant (398-8100.3%)

Ti—N—O (399.59)

interstitially dopant N-H (399.69)

Ti—O—N (400419

N 1s (111}, 402.0-403.3 O-Ti—N (4029

molecularly chemsorbeghN, (402+27)
oxidized TiN (Nx—Ti—Oy; 402—403.35)

NOx (402.59)
N 1s (IV), 403.9-404.3
01s(l), 528.+-531.1

—NO, (4043233404.1+ 0.2
metal oxide (529.6 1.5%)

TiO2 (529.72°530+ 0.227 530.218 530.55)

TiNxOy (53129
01s(Il), 531.4-532.4

substoichiometric oxide, oxynitride (5344 Ti—N—0O (5328), O—Ti—N (5329,

adsorbed oxygen (532%

OH (532.49)
0 1s (Ill), 532.7-533.7
CO (533.49)

status of N-doped Ti® Their results showed that the presence
of —(NO) at N 1s binding energy of around 400 eV is an
effective N-doping site. Diwald et &P. also showed that the

—NO; (533.2+ 0.59)

on N-doped TiQ photocatalysts?8.9.12-16.18.20.21.2533 gr gther
nitrogen impurity material3?33 Although there might be some
differences in the values of the binding energies of Ti 2p, N 1s,

peak observed at 399.6 eV is responsible for the shift of the and O 1s as detected by different instruments and laboratories,

photochemical threshold down te2.4 eV. Also, this form of
nitrogen is most likely located in an interstitial site bound to
hydrogen. Diwald et &9 indicated that this form of N-doping
disagrees with the conclusion of Asahi et“al similar
observation was shown by Chen et*@#! that TiQ, with
oxynitride doping at N 1s binding energy of around 402 eV is

they can still be identified as Tiand TiN at 2p;2 and 2p/,,
and be grouped into several ranges as N{JIV) for N 1s
and O(I-O(lll) for O 1s.

The Ti 2p binding energies of Ti 3p (455.0-459.5 eV)
and Ti 2p/2 (461.0-465.0 eV) were different for Ti@and TiN.
The core level binding energy of Ti 2p of TiN tended to be

an effective photocatalyst in the decomposition of methylene |ower than that of Ti@. The group | of N 1s spectra with peaks

blue.

The visible light induced photocatalytic activity may also be
due to the presence of localized N 2p st&fed? Di Valentin

at 395.8-397.8 eV indicated that the N-doping status was TiN
as indicated in Table 1, while those of NEHN(III) around
399-403 eV revealed the presence of déhemisorption or the

et al?? observed that N-doping has opposite effects on the oxynitride doping such as FIN—0O, Ti—O—N, Nx—Ti—Oy,

photoactivity of anatase and rutile Tiecause of different

and O-Ti—N. For N(IV) there existed an additional N-doping

structures and densities, leading to a red shift and a blue shift,status of—(NOy) in TiO; particles. The binding energy of O(l)
respectively, of the absorption band edge. In both cases thewith peaks at 528:4531.1 eV shows that the O atom was bound
doping is accompanied by the appearance of well-localized N to metals such as Ti, while for O(Il) and O(lll) the O atom was
2p states above the O 2p valence band, but in rutile the shift of bound to N or other atoms such as C and H. The binding

the top of the valence band toward lower energies leads to anenergies of Ti 2p, N 1s, and O 1s listed in Table 1 will be used

increase of the band gap transition.
It must be noted that the binding energy of XPS data is
binding of electron in the atom, not binding between atoms.

hereafter as references for cross identification of the status of
N-doped TiQ particles produced in this study.

Thus, one cannot directly assign a chemical binding between 5 Experimental Section

the Ti, O, and N atoms by the presence of a given peak in the
XPS spectra. The other atoms surrounding the Ti atom might

influence the charge of Ti. Thus, in this study the N-doping
status of TiQ was first proposed by comparing the chemical
shift of elements with the XPS handb@®kand the liter-
ature6:89.12:16,18,20,21,2533 gng then confirmed by cross com-
parison of the chemical shifts of Ti 2p, O 1s, and N 1s atoms.
Table 1 lists the binding energies of Ti 2p, N 1s, and O 1s
obtained from the XPS Handbo®kas well as literature data

Figure la shows the experimental setup of the reactor for
synthesizing the photocatalysts. The precursors for producing
photocatalysts were TTIP (titanium tetraisopropoxide; THIEDAL)
and deionized water. They were vaporized and sent into the
plasma reactor (i.e., the APPENS reactor) via passing the carrier
gases through two series of impingers controlled at temperatures
of 150 and 25C, respectively, for TTIP and water. The carrier
gas compositions (Ar/MO,) were controlled by mass flow
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Figure 1. Schematic diagrams of (a) APPENS reactor for producing N-dopeggh6tocatalysts and (b) batch type photocatalytic reactor for IPA
removal.
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TABLE 2: Plasma and Annealing Gas Compositions for were conducted under different plasma and annealing gas
Synthesizing Different TiO,-Based Photocatalysts compositions, and the photocatalysts produced under the four
photocatalysts plasma gas anneal gas tests are denoted SYNSYN4 hereafter. After 10 h of the
SYN1 100% N air (20% O + 80% Np) plasma process, the product particles were then annealed at 500
SYN2 100% N 20% N, + 80% Ar °C for 3 h with a gas flow rate of 10 c¥min. SYN1 and SYN2
SYN3 20% Q + 80% Ar 20% Q + 80% Ar were processed under the same plasma gas environment
SYN4 10;/80'}’ XrlO% G+ 20%Np+80% Ar composed of pure Ngas, and then SYN1 was annealed in an
(1]

air environment while SYN2 was annealed with 20%-N80%
Ar gases. SYN3 was produced without the presence ajds

controllers (Brooks, 5860E). The total flow rate of precursor for the purpose of producing pure Tiarticles without any

vapors was 150 cf#fmin with a TTIP/HO volumetric flow rate N-doping. It was processed in a 20% ® 80% Ar plasma and

ratio of 1.0. - . .
. annealing gas environment. The plasma gases for producing
.The main pa}rt of the APPENS reactor was madg of Pyrex SYN4 were 10% N+ 10% O, + 80% Ar, and the annealing
with a 21 mm inner diameter and a 23 mm outer diameter. It gases were 20% Nand 80% Ar.

was based on a tube-line type glow dielectric barrier discharge . ) )
After annealing, the elements and N-doping status of,TiO

reactor. One electrode was a stainless rod of 2 mm in diameter . . .
and located along the central line of the reactor. The other Particles were analyzed by XPS (Perkin-Elmer, Phi 1600). The

electrode was stainless steel mesh wrapped around the reactdf"yStal phase of collected particles was characterized by XRPD
of 135 mm in length. Alternating current (ac) with 60 Hz (X-ray powder diffraction; Rigaku) with a Cu target at 30 kV,
frequency was applied to the APPENS reactor. The reactor was20 MA. The result of the XRPD analysis was compared to
operated at 9.6 kV/cm electric field strength and atmospheric JCPDS (Joint Committee on Powder Diffraction Standards) for
pressure conditions. The carrier gases efdaX O, molecules crystal characterization. The morphology of product particles
were excited in the nonthermal plasma environment and N atomsWas observed in the SEM (scanning electron microscope;
or N_Containing molecules were imp]anted into the a'uapor H|TACH|-S4700) images. The U¥visible diffuse reflection
precursors or particles. The product particles were depositedSPectra were measured by a spectrophotometer (U-3010, Hitachi)
on the inner surface of the reactor for further photocatalytic With a 60 mm integrating sphere.
activity testing and particle characterization. The photocatalytic activities of photocatalysts obtained from
Table 2 shows synthesized gas compositions for obtaining SYN1-SYN4 were tested for their IPA conversion with a batch
different types of N-doping in the Tigparticles. The four tests  type reactor. The batch photocatalytic reactors were the same
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as those used for producing Ti@atalytic particles during the - T T 1
APPENS process. Figure 1b is a schematic diagram of the batch 100~ o & 2
photocatalytic reactor for IPA conversion. The inlet and outlet - SYN 3 A

of reactors were sealed to form a batch type configuration. A 80 SYN4 4

fixed amount of IPA was injected into the sealed reactor and

evaporated under a constant temperature df@and relative
humidity of 70%.

The IPA reached a steady-state vapor concentration of 100
+ 5 ppm after about 60 min as confirmed by a gas chromato-
graph/flame ionization detector (China Chromatography, 9800).
Considering that different superficial properties of the SY¥N1
SYN4 photocatalysts may affect adsorptidrthe quantity of 'g ]

IPA adsorbed by each photocatalyst was tested in this study. o — ’ : ' ' '

e > 20 40 60
After the injected IPA reached a steady-state concentration in Time (min)

the reactor, the adsorption quantity was calculated to be 1.22,gjg e 2. |PA conversion under visible light source (435, 488, 545,

1.24,1.25, and 1.249/MQ:atayst respectively, for SYN1, SYN2, 587, and 611 nm, 10 W) at 4% with a batch type photocatalytic
SYNS3, and SYN4 photocatalysts. Therefore, the influence of reactor.

absorption among different photocatalysts can be neglected in
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Once the steady-state concentration of IPA was reached, the 10 | v S L |
light was turned on and the IPA vapors were sampled and '
analyzed for their concentrations. To avoid the diffusion = 801 A SN 7
limitation in a batch reactor, the light was turned off again for °~Cf I A SN2 A
30 min after each sampling to ensure good mixing of the IPA 8 sor F4 o 7
molecules; then the light was turned on again to continue the s ]
photocatalysis tests. The illumination light sources used in the § 40 -
batch photocatalytic decomposition studies were either UV L _
(364.2 nm; FL10BLB, Sankyo Denki) or visible light (major 20 i
peaks at 435, 488, 545, 587, and 611 nm; FL10D-EX, Tyo i
Light) sources of cylindrical lamps having the same irradiation ol T
intensity (10 W). Both the intensity and the spectra of the light 0 5 10 15 20 25
sources were obtained from a spectrophotometer (Ocean Optics, Time (min)

USB2000). The intensities of illumination in the reactor were Figure 3. IPA conversion under UV light source (364.5 nm, 10 W) at
3.78 mW/cn? for the UV light source and 4.81 mW/énfior 45 °C with a batch type photocatalytic reactor.
the visible light source.

To facilitate understanding of the prepared photocatalyst for \ya< found in the literature: for example, Asahi et and

indoor air pollution control application, the visible light lamp  \5saka et a3 used color filters to filter out the UV light source

used in this study was simply the one used in household liVing 5 then conducted photocatalytic tests in the visible light range
space. There was a very small peak in the UV range of 364 nM¢, 1 yre anatase Ti they still obtained some photoactivity.

with an intensity of 0.35 mW/c#for the visible light source. Livraghi et al24 and Huang et & also had similar results: they

To evaluate the effect of this small peak at 364 nm on visible 4ibyted the phenomena to surface absorption or the oxygen
light photocatalysis, a photocatalysis test was conducted with ayacancy.

UV source (364.2 nm) of 0.43 mW/&mtensity (precise control

of the light intensity to be 0.35 mW/ciwas not feasible during

the test). The result revealed that the IPA conversion concentra-
tion was below the detection limit. In addition, blank tests were
also conducted including those with catalyst but without
illumination, and those without catalyst but with light illumina-
tion. Each type of blank test showed that the conversions of
IPA were negligible.

The photocatalytic activities in terms of IPA conversion are
in the order SYN1> SYN2 > SYN3 > SYN4 under both
visible and UV light sources as observed in Figures 2 and 3.
The difference in the IPA conversion is especially significant
for the visible light test results as shown in Figure 2, where
complete removal of IPA can be achieved after around 60 min
for SYN1, but for SYN4 the IPA conversion was only around
40%. The SYN4 photocatalyst has less IPA conversion than
the pure TiQ particles of SYN3. The observations indicated

4. Results and Discussion that the N-doped Ti@photocatalyst may not necessarily have
a higher photocatalytic activity under the visible light source.
4.1. IPA Conversion.The photocatalytic activities of SYN4 Because the photocatalytic activity of Ti@articles may be

SYN4 samples obtained under different synthesized gases wereffected by many factors such as particle size, crystal phase,
tested via IPA conversion, and the results are shown in FiguresUV —visible light absorption spectra, and the N-doped stéttfs,

2 and 3, respectively, with visible and UV light sources. It is these factors are discussed in the following.

observed in Figure 2 that all types of TiQarticles including 4.2. Crystallite and Particle Size.SEM images are shown
the pure TiQ photocatalyst produced via SYN3 have some IPA in Figure 4 for SYNESYN4 photocatalysts. It is observed that
conversion under visible light. Because prior photocatalytic tests the photocatalytic particles synthesized under 1002pIBlsma

with a 364.2 nm UV lamp at the intensity of 0.43 mWAm  environment (SYN1 and SYN2) seem to be larger than those
showed negligible photoactivity, it was confirmed that the under 20% @ (SYN3) and 10% M+ 10% & + 80% Ar
photoactivity was not due to the minor UV peak (0.35 mW/ (SYN4) plasma environment. The particle sizes of SYN1 and
cn? at 364 nm) of the visible light source. A similar observation SYN2 are around 50 nm, as roughly estimated from the SEM
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Figure 4. SEM images of particles produced via (a) SYN1, (b) SYN2, (c) SYN3, and (d) SYN4.

TABLE 3: Crystallite Sizes of SYN1-SYN4 Photocatalytic

Particles? A A: Anatase
R. Rutile

photocatalyst max peakq® fwhm (8) crystallite size D, nm)

SYN1 25.23 0.006 53 21.76
SYN2 25.28 0.006 67 21.30
SYN3 25.38 0.006 13 23.18
SYN4 25.36 0.006 53 21.76

2 The crystallite sizes were calculated based on the Scherrer equation
with parameter values obtained from XRPD patterns (X-ray wavelength
(A) was 0.154 056 nm).

images. They are around 25 nm for SYN3 and SYN4. Calculat-
ing the crystallite size of particle( nm) from the Scherrer
equatiod® using the XRPD measurement data

20 40 60 80
0.9 20

Figure 5. XRPD patterns of photocatalytic particles synthesized in
this study.

D /3 cos6
wherel (nm) is the X-ray wavelength for the XRPD teétjs
the Bragg angle, anflis the full width of diffraction at half of 5. The XRPD peaks around 2538, 48, 55°, and 63
maximum intensity (fwhm), it was obtained that the crystallite corresponding to anatase crystal are observed for all synthesized
sizes for SYNESYN4 are about the same around 22:d..2 tests, with the most significant peak around.25
nm as listed in Table 3. Therefore, one can conclude that the There is one minor peak at 27.%corresponding to rutile
primary crystallite particle size of SYN1 and SYN2 is the same crystal) appearing for the product particles of SYN1 and SYN2.
as that of SYN3 and SYN4. However, the agglomeration force The SYN1 and SYN2 photocatalysts were both obtained at the
is stronger for SYN1 and SYN2 particles that lead to secondary same plasma conditions and the same annealing temperature
particles, which may composed of more than two crystallites. of 500 °C. The phase transformation of the nanocrystal from
Literature data showed that the optimal size range of,TiO anatase to rutile should appear at temperatures higher than 600
for achieving better photocatalysis was about-38 nm on °C.3"However, it is also possible to occur at a lower temperature
organic compound removal for the aqueous pRasehile it for N-doped photocatalystsSince there was only a very small
was 13 nm in the gas-phase destruction of acetone to fornPCO fraction of rutile phase for SYN1 and SYN2 photocatalysts,
Therefore, if one considers the effect of particle size only, then which may be even within the error range of detection compared
SYN3 and SYN4 particles with an optimal size of around 25 to the anatase phase, it is concluded that the crystal phase should
nm should have better activities than SYN1 and SYN2, which have minimal effect on the photocatalytic activity.
have larger secondary sizes of around 50 nm. However, this 4.4. UV—Visible Spectra. Figure 6 shows the Kubelka
did not happen in this study. Hence one can conclude that theMunk absorption unit spectra of the synthesized photocatalysts
secondary particle size effect on the photocatalytic activity is obtained under different processes of SYNEYN4. The
not an influential factor on the photoactivity in this study. This absorption edge around 400 nm is assigned to the pure TiO
could be because the crystallite sizes of SY$lYN4 are about and appears for all processes. On the other hand, a second
the same around 22 nm as calculated by the Scherrer equationabsorption edge around 520 nm appears only for SYNland
4.3. Crystal Phase.The crystal phase of photocatalytic SYN2 and it should be due to the presence of N-doped.TiO
particles was determined with the XRPD pattern shown in Figure Although SYN4 was synthesized undef/®, gas plasma, there
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Figure 6. Kubelka—Munk absorption spectra of N-doped photocata-
lysts synthesized in this study.
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The most significant peak of N 1s (right spectra in Figure 7)
for SYN1 photocatalyst is observed around 402.9 eV (N(llI)),
while the most significant N 1s peaks for SYN2 and SYN4 are
both located around 398-5100.8 eV (N(I1)). On the other hand,
there is no obvious N 1s peak for SYN3 photocatalyst since it
was produced without the presence of a nitrogen source.

The major O 1s peaks (left spectra in Figure 7) for SYN1
and SYN2 photocatalysts are both observed around 5227
eV (O(l)), while the major O 1s peaks for SYN3 and SYN4
photocatalyst are both located around 532@ eV (O(ll)).
One can see from Table 1 that the presence of O(l) peaks
indicates that O atoms exist as metal oxides such ag Wiliile
the O(ll) and O(Ill) peaks reveal that the O atoms could exist
as oxynitride or other dopants such as CO and OH, or simply
as adsorbed £ Because there was no nitrogen source in the
SYNS process, for SYN3 photocatalyst the O atoms may exist
as CO or appear as adsorbeg O

4.6. N-Doped Status of the TiQ Photocatalysts. The
different N-doping structures in the TiQarticles can be seen
more clearly by the cross comparison between N 1s and O 1s
spectra as shown in Figure 8. The peaks of N(I) observed around
395.8-397.8 eV indicate the possible presence of TiN. They
may also indicate the presence of kY with the simultaneous
appearance of O(l) at 531.0 &¥Both the TiN and TiNOy
peaks represent the N substitution for the O in Ji® TiN
was observed in SYN1, SYN2, and SYN4 photocatalysts.

The N(Il) peaks located at the region of 398401.2 eV
indicates the possible presence of chemisorbed oxynitride with
the simultaneous appearance of the O(ll) peak around 531.4
532.4 eV. The N(II) peak may be the-F{NO) structuré*16.18
or impurities doped in the interstitial of TiOnatrixes®2° The
above N-doped statuses are all denoted(NO) in this study.

It was observed in SYN1, SYN2, and SYN4 photocatalysts.

The N(ll) peaks located around 402:803.0 eV correspond

are XPS measured spectra, while the dashed lines are the fittings ofto the oxidized form of TiN into @-Ti—Ny as confirmed by
possible binding energy spectra to the XPS data, and the solid linesthe feature of the O(ll) peak at 531.9 &821.250,—Ti—Ny was

are the sum of the fitted data.

is no obvious absorption edge in the visible light region.

observed in SYN1, SYN2, and SYN4 photocatalysts. Finally,
the N(IV) peak located around 404.6 eV should be-Ti

However, although SYN4 photocatalyst did not cause an obvious (NO2)*>*+*with a cross comparison of the O(lll) peak at 532.2

shift of the absorption edge in the UWis absorption spectra,
it still showed a visible light photocatalytic effect as shown

eV; it appeared only for SYN4 photocatalyst.
Figure 8 also shows the percentage of total N relative to the

above in Figure 2 due to the surface absorption or the oxygen Ti atomic ratio (denoted a/Ti in Figure 8) as well as each

vacancyz*34

4.5. Core Level Binding Energy.To prevent the influences
of other factors such as crystallite size and particle size 0 TiO
as well as its crystal phase on the photocatalytic activity, the

type of N-doping relative to the total N-doping quantity (N/
Niota). One can see that the N-doped Ti@btained from SYN2
has the highest dl./Ti atomic ratio of 69%. This is much higher
than that of the SYN1 photocatalyst, which has ag: i

photocatalysts were prepared under the same operating condiatomic ratio of only 24%. However, the SYN1 photocatalyst

tions in the APPENS reactor as shown previously. Thus the
remaining important factor in the photocatalytic activity is the
N-doping status of the photocatalysts.

The XPS spectra of Ti 2p, N 1s, and O 1s for the
photocatalytic particles synthesized in this study are shown in
Figure 7. One can observe in the middle spectra of Figure 7
that the core level binding energies of Ti 2p under different
synthesized tests are around 457489.0 eV for Ti 2p;; and
463.0-464.0 eV for Ti 2p,. Compared to the peak values listed
in Table 1, the peaks at 458.0 eV for Tizpand 463.7 eV for
Ti 2puz are assigned to TigF> 272931 which can be clearly

still has a higher photocatalytic activity than the SYN2
photocatalyst. Therefore, one knows that the total quantity of
nitrogen in the photocatalyst may not have a direct influence
on the visible light photocatalysis. On the other hand, the
N-doping status may have a deterministic effect on the photo-
catalytic activity.

The major type of N-doping for SYN1 is@-Ti—Ny, which
accounts for 69.2% of the total N in the photocatalyst. There is
also 21.2% T+(NO) and only 9.6% TiN observed for SYN1
photocatalyst. On the other hand, for SYN2 photocatalyst, Ti
(NO) is the most significant N-doping (70.2%) and TiN is the

seen for SYN3 photocatalyst. On the other hand, the presencesecondary doping (22.8%). Also a few percentage-TG—Ny

of TiN (Ti 2pzp, 455.2-456.0 eV) and Ti@xNx (Ti 2pzp,
456.0-459.0 eV) tends to shift the Tikpeaks to lower binding
energy}?25-27.29.311t was observed that SYN1 photocatalyst has
the most significant shift toward lower binding energy of 457.2
eV at Ti 2.

appears in SYN2 photocatalyst. The N-doping status for SYN4
photocatalyst is very similar to that of SYN2, with the major
peak as T+(NO) and minor peaks asx@Ti—Ny and TiN.
However, the SYN4 photocatalyst has an additional peak of
Ti—NO,. Besides, its TiN percentage is less than that of SYN2
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Figure 8. Nitrogen-doping status for SYNASYN4 synthesized photocatalysts based on cross comparison of N 1s and O 1s binding energies.

photocatalyst. It was also noted that the TiN located around presence of F(NO,) doping as observed only for SYN4.
395-396 eV only appears for photocatalysts produced by the Therefore, one can suggest that-NO,) doping tends have a
nitrogen plasma process (SYN1 and SYN2), while the TiN peak negative effect on the visible light photocatalysis.

located around 397 eV appears for SYN1, SYN2, and SYN4

photocatalysts. 5. Conclusion
By comparing the XPS results to the photoactivity results  Nitrogen-doped Ti@was produced by the APPENS process
shown above in Figure 2, one can suggest that\l;i Ox—Ti— via different plasma and annealing gas compositions. The

Ny, and Ti-(NO) doped TiQ photocatalysts have positive different binding energies of Ti 2p, N 1s, and O 1s obtained in
effects on the visible light photocatalysis, and thus the IPA this study via XPS analysis were grouped into several ranges
removal efficiencies are higher with SYN1 and SYN2 photo- a5 TiQ, and TiN at 2ps2 and 2ps, N(I)—N(1V) for N 1s, and
catalysts. This result is similar to those of Sato eta¥jn et O(l)—O(IN) for O 1s based on the literature data on N-doped
al.'* and Diwald et al?? but opposite that of Nosaka et'dl.  Tj0, photocatalysts. The N-doping status of TiN,~TNO),
The opposite results between these studies are probably becausg,—Ti—Ny, or Ti—(NO,) was confirmed by the cross com-
the N-induced localized sté&fe®’ causes a positive effect on  parison of chemical shifts in the binding energies of N, Ti, and
the visible light photocatalysis as oberved in Sato et“aYin O. It was found that F-(NO) and G—Ti—Ny are the most
et al.}® Diwald et al.?° and this study. However, the photo-  sjgnificant structures of the N-doped Ti@or the N, plasma
catalyst prepared by Nosaka et-&tould only absorb-(NO) processes. TH(NO,) may form under the presence of both O
on the catalyst surface and this resulted in a negative effect.and N, plasma gases. Results on the photocatalytic activities in
However, it requires further study to confirm this hypothesis. terms of IPA conversion indicated that, in addition to the widely
The photocatalytic activity of ©@-Ti—Ny may be superior  accepted TiN doping, both Fi(NO) and G—Ti—Ny types of
to that of Ti=(NO) doped photocatalysts since-OTi—Ny is N-doping TiQ, have positive effects, but the presence of Ti
the major N-doping for SYN1 photocatalyst. This is in accord (NO,) tends to have a negative effect on the visible light
with the studies of Chen et #?1that O«—Ti—Nyis an effective  photocatalysis.
dopant. The results indicated, that in addition to the widely  Although the chemical structures of N dopants in the 3TiO
accepted T+N dopant, both T+NO and Q—Ti—Ny types of photocatalysts have been speculated in this study and their
N-doping TiQ, have positive effects on the visible light correlations with the photoactivity have been suggested, further
photocatalysis. work might still be necessary since there are several types of N
On the other hand, although SYN4 also showed the presencedopants present in one photocatalyst. Besides, the actual
of Ti—(NO) as a major peak and© Ti—Ny and TiN as minor coordination of the N impurity cannot be identified by the XPS
peaks, its photoactivity is much less than those of the SYN1 data. Furthermore, Livraghi et #l.indicated that some of the
and SYN2 photocatalysts and even worse than that of the pureN-induced defects are also responsible for the increased photo-
anatase Ti@ made by SYN3. This may be caused by the activity. Therefore, the simultaneous consideration of all possible
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factors for the photoactivity might be required. The production
of a pure N speciation in each photocatalyst to directly identify
the N-dopant effect on the photocatalytic activity may be a
challenging work in the future.
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