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Abstract

We report the synthesis of p-SiAION:Eu*" phosphors from novel single source precursors in which strictly controlled
chemical composition is established at molecular scale. The two-step synthesis occurs by the chemical modification of
perhydropolysilazane (PHPS) with AI(OCH(CH3),); and AICl; in xylene at room temperature to 140 °C to introduce Al in
the PHPS network while controlling the oxygen content followed by the reaction of EuCl, with the Al-modified PHPS upon
heat-treatment. Gas chromatography-mass spectrometry and thermogravimetry-mass spectrometry analyses revealed that
PHPS reacted with AI(OCH(CH3),); and AICl; via the formation of Al-N bonds. Moreover, AlCl; reacted with nitrogen-
bonded Al alkoxide residue to release 2-chloropropane in an analogy to the non-hydrolytic sol-gel reaction between metal
alkoxide and metal chloride. Subsequently, AICl; acted as a Lewis acid catalyst to promote the Friedel-Craft alkylation
between xylene solvent and the 2-chloropropane formed in-situ to afford dimethylcumene. On the other hand, EuCl, reacted
with silylamino moiety to form Eu-N bonds at around 850 °C. B-SiAION:Eu>" phosphors were successfully synthesized by
pyrolysis of the precursors under flowing N, or NHj at 1000 °C, followed by heat treatment at 1800 °C for 1 h under a N, gas
pressure at 980 kPa. The polymer-derived p-SiAION:Eu®" (z=0.55, Eu®" 0.37 at%) exhibited green emission under
excitation at 410 or 460 nm, and the green emission intensity under the excitation at 410 nm was found to be increased by
reducing the carbon and chlorine impurities through the polymer-derived ceramics route investigated in this study.

Graphical abstract
-2HCI =
. /\ =Si \V ik 5. 5

SiH,-NH] (=Si),NH o
\ P:IPS )': EuCly + =si’ IN-A1=0=A1{
. ~ | EwC1+Cr | N, flow =si’
. \ _744-1000°c  X-Ray amorphous SiAIEuON
JAI(OR),
) ~1 AlCK ‘“l EuCly 1800 °C
~ SiH, -NH-SiHl; OR a N;,980 kPa
N \l’o\\l/
\ =i’ Na B-SiAION: 1 u
OR Single source precursor 7
\N A 0-R | xylene, ‘ @ ; ~
=si’ K RT-140 °C )
Cla/““\(:l Y

R =CH(CHj),
ic

» m\\

Keywords p-SiAION - Eu(Il) - Non-hydrolytic sol-gel reaction * Polymer-derived ceramics * Photoluminescence

< Yuji Iwamoto

. e . . University of Limoges, CNRS, IRCER, UMR 7315, F-87000
iwamoto.yuji@nitech.ac.jp

Limoges, France

Department of Life Science and Applied Chemistry, Graduate
School of Engineering, Nagoya Institute of Technology, Gokiso-
cho, Showa-ku, Nagoya 466-8555, Japan

Published online: 27 June 2022 &) Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-022-05879-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-022-05879-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-022-05879-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-022-05879-w&domain=pdf
http://orcid.org/0000-0002-7137-1023
http://orcid.org/0000-0002-7137-1023
http://orcid.org/0000-0002-7137-1023
http://orcid.org/0000-0002-7137-1023
http://orcid.org/0000-0002-7137-1023
http://orcid.org/0000-0002-5760-5014
http://orcid.org/0000-0002-5760-5014
http://orcid.org/0000-0002-5760-5014
http://orcid.org/0000-0002-5760-5014
http://orcid.org/0000-0002-5760-5014
http://orcid.org/0000-0002-0856-886X
http://orcid.org/0000-0002-0856-886X
http://orcid.org/0000-0002-0856-886X
http://orcid.org/0000-0002-0856-886X
http://orcid.org/0000-0002-0856-886X
http://orcid.org/0000-0003-1817-8854
http://orcid.org/0000-0003-1817-8854
http://orcid.org/0000-0003-1817-8854
http://orcid.org/0000-0003-1817-8854
http://orcid.org/0000-0003-1817-8854
http://orcid.org/0000-0001-5865-0047
http://orcid.org/0000-0001-5865-0047
http://orcid.org/0000-0001-5865-0047
http://orcid.org/0000-0001-5865-0047
http://orcid.org/0000-0001-5865-0047
http://orcid.org/0000-0002-8431-8272
http://orcid.org/0000-0002-8431-8272
http://orcid.org/0000-0002-8431-8272
http://orcid.org/0000-0002-8431-8272
http://orcid.org/0000-0002-8431-8272
http://orcid.org/0000-0002-6927-5446
http://orcid.org/0000-0002-6927-5446
http://orcid.org/0000-0002-6927-5446
http://orcid.org/0000-0002-6927-5446
http://orcid.org/0000-0002-6927-5446
mailto:iwamoto.yuji@nitech.ac.jp

Journal of Sol-Gel Science and Technology

Highlights

e B-SiAION:Eu*" phosphors were synthesized from Al- and Eu-modified perhydropolysilazanes.

e The modification using AI(OCH(CH3),); with AlCl; promoted non-hydrolytic sol-gel (NHSG) reaction.
e The NHSG reaction and NH;-pyrolysis synergistically contributed to reducing C and Cl impurities.

e The p-SiAION ‘Eu’* (z=0.55, Eu*t 0.37 at%) exhibited green emission (Aex =410 or 460 nm.

e The green emission intensity (A.x =410 nm) was increased by reducing C and Cl impurities.

1 Introduction

The light-emitting diodes (LEDs) based solid-state lighting
technology has been developed worldwide to replace the tra-
ditional illumination sources to save energy and reduce the
cost. Phosphor is one of the most important materials in this
solution [1], and the phosphor-converted white LEDs have
attracted much attention. Currently, the blue LED-driven white
LEDs have been produced by blending the blue-emitting LED
chips with a yellow phosphor or a green-emitting phosphor
together with a red-emitting phosphor (two-pc wLEDs).

Eu’" activated B-SiAION (B-SiAION:Eu®") is a kind of
green-emitting phosphor that has been reported widely
[2-6] and successfully utilized for the two-pc wLEDs. The
general formula of B-SiAION can be expressed as
Sig_,Al,O,Ng_,, in which the z value respects the Al con-
centration in the system. Wang et al. put forward a modified
formula, Si6,ZAIZOZ,QyNg,ZHy:yEuH, where the charge
compensation for the introduced Eu®" ions are taken into
account [3]. p-SiAION:Eu®" phosphors have been manu-
factured by the conventional powder metallurgy method
using o-SizNy, a-alumina (Al,O3), and aluminum nitride
(AIN) as starting powder materials. The general fabrication
conditions of high-temperature heat treatment at 72
1800 °C under a high nitrogen pressure at P > 0.98 MPa are
required to afford B-SiAION as a thermodynamically
favorable phase [4, 5].

Ceramic processing methods based on the molecular
chemistry of organometallic precursors are efficient
approaches to synthesizing such high-performance func-
tional ceramics with accurately-controlled chemical com-
position along with the local structure at the molecular size
scale level [7-13]. Among them, the polymer-derived
ceramics (PDCs) route is convenient and appropriate for
the synthesis of silicon (Si)-based non-oxide ceramic sys-
tems [11-13]. In this route, polysilazane derivatives are
frequently used as a starting polymer precursor, especially
perhydropolysilazane (PHPS) composed of only Si, N, and
H elements has some advantages in high purity and high
ceramic yield for Si;N4 ceramics synthesis [14—16]. More-
over, PHPS is highly reactive and easily modified with
various monomeric organometallic compounds including
metal alkoxides (M(OR),, M =B [17], Al [18, 19], Y
[20-23]), metal chlorides (MCIl,, M =Ti [23], Co [24], Ni
[25]) and metal amides (M(NR,),, M = Ti [26-28], B [29]).
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The resulting multicomponent polymers have been suc-
cessfully converted to polycrystalline SisNy-based compo-
sites such as silicon carbide (SiC) [21, 22] or titanium
nitride (TiN) [23, 26-28] nanoparticle-dispersed Si3Ny,
pseudo-binary SizN4-Y,03 [20] and SiAIONs [18, 19].
Recently, we have succeeded in the synthesis of
B-SiAION:Eu*" phosphors through the PDCs route for the
first time: single source precursors were synthesized by
chemical modification of PHPS ((SiH,-NH),) with alumi-
num triisopropoxide (AI(OCH(CH3;),);), and europium (II)
chloride (EuCl,), then converted to [3-SiAlON:Eu2+ phos-
phors by pyrolysis under flowing N, at 1000 °C followed by
heat treatment at 1800 °C under a N, gas pressure at
980 kPa [19]. Based on the PDCs route, in-situ formation of
B-SiAION from the single source precursor-derived multi-
component amorphous compound has been recognized to
proceed by the nucleation and crystallization of a-SiAION
and subsequent a-/p-phase transformation promoted by the
dissolution, diffusion and re-precipitation processes through
the Si-Al-Eu-O-N transient liquid phase formed in-situ [19].
The amount of the transient liquid phase increases con-
sistently with the Al and O contents i.e. the Al/Si ratio in the
single source precursor synthesis, and the minimum Al/Si
ratio in the precursor synthesis for completing o-/B-phase
transformation of the polymer-derived host SiAION was
found as 0.09 [19]. Moreover, the critical Eu/Si atomic ratio
in terms of the -SiAlON single phase formation without
impurity phases including SiAION polytypoids was found
as 0.05, and the resulting Eu”* critical concentration for the
polymer-derived B-SiAION (z =0.55) reached 1.48 at%
[19], which was approximately three times higher than the
reported value (0.5 at%) suggested for the B-SiAION (z =
0.5) fabricated through the conventional powder metallurgy
route [4]. However, our previous PDCs route limited the
amount of AI(OCH(CHj),); to avoid the formation of
impurity phases such as oxygen-rich J-SiAION and mullite
(3A1,03-2Si0,) phases due to the excess oxygen introduced
from the Al alkoxide modifier with the O/Al ratio of 3 [18].
In this study, AI(OCH(CHj),); was partly replaced with
aluminum trichloride (AICly). It is expected to introduce Al to
PHPS network independently with oxygen content: single
source polymeric precursors were synthesized by chemical
modification of a commercially available PHPS with AI(OCH
(CH3)p)3, AICl;, and EuCl,, then converted to Eu2+-d0ped
amorphous SiAION by pyrolysis at 1000 °C under flowing N,



Journal of Sol-Gel Science and Technology

Table 1 Nominal molar ratios for the synthesis of single source precursors for p-SiAION:Eu’*

Name Si in M/Si ratio Calculated chemical composition
[SiH,-NH], (PHPS) - 3
Formula Sig_, Al O, 2y +5Ng_712y4y: Eu**
yEu2+ (at%)
A90E1 [19] 1 0.09 0.00 0.01 SiAlp090027N1 00Euge; 050 0.055 1.10 =211 042
A63E1 1 0.06 0.03 0.01 SiAlp900.18N1.00Euge;  0.50 0.055 0.61 —2.11 044
A36E1 1 0.03 0.06 0.01 SiAlpp90009N1.00Euge; 050 0.055 0.11 —=2.11 0.46

or NHj;. Subsequently, the polymer-derived multicomponent
amorphous compounds were converted to B-SiAION:Eu?"
phosphors by heat treatment at 1800 °C for 1 h under a N, gas
pressure at 980 kPa. The chemical reactions during precursor
synthesis and subsequent pyrolysis were monitored by infrared
spectroscopy, simultaneous gas chromatography-mass spec-
trometry (GC-MS) analyses as well as thermogravimetry-mass
spectrometry (TG-MS) analyses. Photoluminescence (PL)
properties of the polymer-derived B-SiAION:Eu”>" phosphors
were discussed based on a set of characterization techniques
including elemental analysis, X-ray diffraction (XRD), PL
spectroscopy and a scanning electron microscope (SEM)
observations.

2 Experimental procedures
2.1 Materials and methods

Commercial PHPS (AZ NN110-20, 20 wt% xylene solu-
tion, AZ Electronic Materials Co., Ltd., Tokyo, Japan), Al
(OCH(CHj3),);3 (99.9%, Kojundo Chemical Laboratory Co.
Ltd., Saitama, Japan), AlCl; (99.9 %, Sigma-Aldrich Japan,
Tokyo, Japan) and EuCl, (99.9 %, Sigma-Aldrich Japan,
Tokyo, Japan) were used as-received. The handling of the
chemicals and reagents was performed under a dry argon
(Ar) atmosphere using standard Schlenk techniques.
Single source precursor syntheses were conducted
according to parameters and calculated compositions listed
in Table 1. Al/Si atomic ratio for the chemical modification
of PHPS was fixed as 0.09 based on our previous result [19]
and the resulting z value of the polymer-derived host
B-SiAION was calculated as 0.5 by the theoretical
B-SiAION formula, Siﬁ,ZAIZOZ,zyNg,sz:yEuzJr given by
Wang et al. [3]. In addition, AI(OCH(CHj3),); was partially
replaced by AICl; to try to control the oxygen content
independently with total Al content. The resulting nominal
chemical composition was expressed by the modified for-
mula, Sis_,ALO, 5y sNg_,42.,:;yEu*". The values of the &
and y were also listed in this table. We targeted pyrolysis
and subsequent heat treatment of the single source precursor
to afford the appropriate composition of B-SiAION:Eu*"

phosphor via several reactions such as carbothermal
reduction and nitridation. On the other hand, the Eu/Si ratio
was fixed as 0.01 so as to control the Eu’>" cation con-
centration in the B-SiAION as 0.42-0.46 at%, lower than
the critical Eu®" concentration (0.5 at%) previously suggest
for the f-SiAION with z=0.5 [4].

Here, we describe the synthesis of the AE63E1 sample,
which is well representative of the synthesis process applied to
all the samples. In a typical experiment, A 300 mL two-neck
round-bottom flask equipped with a magnetic stirrer was
charged with PHPS (Si: 67.91 wt%, 10 mL of 20 wt% xylene
solution, ie. Si 484 mmol), AI(OCH(CHs),); (0.593 ¢,
2.90 mmol), AICl; (0.193 g, 1.45 mmol) and EuCl, (0.108 g,
0.48 mmol), then refluxed for 1h. After the reaction mixture
was cooled down to room temperature (RT), the solvent was
removed under vacuum at RT. The residue of the white solid
precursor was subsequently pyrolyzed in a tube furnace
(model ARF60-150-31KC, Asahi Rika, Chiba, Japan) under
flowing N, or NH3 at 1000 °C for 1 h with a heating rate of
5°C min~. Then, the pyrolyzed powder was heat-treated in a
graphite resistance-heated furnace (model High Multi 5000,
Fujidempa Kogyo, Co., Ltd., Osaka, Japan) at 1800 °C for 1 h
under a N, gas pressure at 980 kPa.

2.2 Characterizations

The chemical modification reactions of PHPS were mon-
itored by attenuated total reflection Flourier transform infra-
red (ATR-FTIR) spectroscopy using a FTIR spectrometer
(model FT/IR-4200IF, JASCO Corporation, Tokyo, Japan)
attached with an ATR equipment (model ATR PRO 550S-
S/570S-H, JASCO Corporation, Tokyo, Japan) at a reso-
lution of 4 cm™".

The detail of the chemical reactions during the precursor
synthesis from RT to 140 °C (xylene reflux) and precursor
pyrolysis up to 1000 °C were monitored by GC-MS and
TG-MS analyses under He flow, respectively (model
STA7200, Hitachi, Tokyo, Japan). Commercially available
2-propanol (299%, Sigma-Aldrich Japan, Tokyo, Japan)
and 3,5-dimethyl-1-isopropylbenzene (dimethyl cumene, >
80 %, Tokyo Chemical Industry Co., Ltd., Tokyo, Japan)
were used as references for the GC-MS analyses.

@ Springer
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Fig. 1 ATR-IR spectra for as- (a)
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XRD analysis for the heat-treated samples was per-
formed (model X’ Pert-Pro al, PANalytical, UK) using a
Cu k-alpha radiation. The B phase ratio of the polymer-
derived SiAlON-based samples was defined as the B/(p + )
phase ratio evaluated by comparing the diffraction peak
intensity (I) of the a-phase (102), (210) plane and that of
p-phase (101), (210) plane as follows [19, 30]:

P-phaseratio = (I#(101) + 15(210)) /[(13(101) 4 1(210))
+ (1a(102) + 1a(210))] x 100

(1)

Elemental analyses for oxygen (O), nitrogen (N) by
the inert-gas fusion method (model EMGA-930, Horiba,
Kyoto, Japan) and carbon (C) by the non-dispersive
infrared method (model CS844, LECO CORPORA-
TION, St. Joseph, USA) were performed on the 1000 °C-
pyrolyzed and subsequent 1800 °C-heat-treated samples.
The Al and Eu contents in the polymer-derived SiAION:
Eu®" samples were analyzed by using an energy dis-
persive X-ray spectrometer (EDS) mounted on a SEM
(model JSM-6010LA, JEOL Ltd., Tokyo, Japan). In this
study, EDS element mapping analysis was performed on
the powdered sample surfaces observed within a SEM
image area of approximately 20 x 25 (um?) at the mag-
nification and accelerating voltage of 5000x and 15 kV,
respectively to give an atomic percentage for all the
constituent elements. For each sample, the Al/Si and Eu/
Si ratios were evaluated as an average value of the
mapping scans conducted for at least five different areas
randomly selected. Then, the chemical composition of
the polymer-derived SiAION-based samples was deter-
mined as follows [19]:

wt%(Si + Al + Eu) = 100% — wt%(C) — wt%(N) — wt%(O)
(2)
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Morphology of the polymer-derived B-SiAION:Eu*"
samples was observed by using a SEM (model JSM-
6010LA, JEOL Ltd., Tokyo, Japan). The PL emission and
excitation spectra were recorded at RT using a fluorescence
spectrometer (model F-7000, Hitachi, Tokyo, Japan) with a
xenon (Xe) lamp.

3 Results and discussion
3.1 Precursor synthesis

The ATR-IR spectra of polymer samples are shown in Fig.
1(a). As received PHPS exhibits characteristic absorption
peaks at 3400 (vN-H), 2152 (vSi-H), 1175 (dN-H) and 832
(VSi-N-Si) cm™! [14-16]. In addition to these peaks, the
modified samples exhibit new peaks at 2900 cm ™! assigned
to vC-H, 1172, 1135 and 1118 cm™! assigned to vC-C, vC-
O and rCHj; of isopropyl (-OCH(CH3),) group [31],
respectively (Fig. 1(b)), meanwhile the Si-N-Si broad peak
centered at 832 cm™! shows an obvious red shift, especially
in the spectra of A90E1 and A63E1 synthesized by using
the higher amount of AI(OCH,(CHs3),); at the Al/Si ratio
>0.06 (Fig. 1(c)). The highest degree of the peak shift in
these spectra is possibly due to the mass effect on stretching
frequencies, i.e., AI(OCH(CH3),); reacted with NH groups
in PHPS to form N-Al bonds [18, 19], and the substitution
of AI(OCH(CHj3),);_ for H lead to the red shift of the Si-N-
Si peak:

(SiH,~NH), + AI(OR),
PHPS
R = CH(CH,),

g\, AL—OR
5 or

ESi\
N-AI(OR)
xylene zsi/l ? (3)

rt

[ o OR ]-ROH

A36E1 sample, which was synthesized by using higher
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amount of AlCl; also shows slight red shift of the Si-N-Si
peak (Fig. 1(c)). To investigate the peak shift in more detail,
AO9E1 sample was synthesized by modification of PHPS
with AlCl; at the Al/Si ratio of 0.09. As shown in Fig. 1(c),
AO9E1 shows an apparent red shift of the Si-N-Si peak.
These changes in the ATR-IR spectra reveal the formation
of a typical Lewis acid-base adduct via the coordination of
the lone pair of =NH in =Si-NH-Si= to AIClj; as previously
suggested for chemical modification of PHPS with cobalt
(II) chloride (CoCl,) [24] and NiCl, [25]. In addition, the
peak intensity at 920 cm ™! (observed on the left shoulder of
the broad peak attributed to vSi-N-Si) increases consistently
with the amount of AICl; used for the chemical modifica-
tion of PHPS (A36E1 and AO9EL1 in Fig. 1(a)). This band is
attributed to vSi-N-Si of low molecular components [32],
which suggests that partial cleavage of Si—-N bonds or bond
redistribution reaction such as trans-amination reaction
proceeded in the presence of Lewis acid AICl; during
xylene refluxing at 140 °C.

As we reported previously [19], under the present
synthesis condition, EuCl, remained unchanged and began
to react with PHPS-derived silylamino moieties to form Eu-
N bonds above 600 °C. In addition, the present chemical
modification with EuCl, was performed at the Eu/Si ratio of
0.01, and thus it was difficult to identify the existence of
EuCl, clearly by the ATR-IR spectroscopic analysis. Then,
chemical reactions during the precursor synthesis were ex-
situ monitored by the GC-MS analyses. The results obtained
for the A36E1 sample synthesis were summarized and
shown in Fig. 2. In this study, a vapor sample was taken
from the reaction solution for synthesizing the A63E1l
sample at temperatures ranging from 25 to 140 °C. The
chromatogram peak at 64.19s (I) is due to background
(mass fragments of the m/z ratios of 40 and 20 assigned to
Ar applied as an inert reaction atmosphere, 32 and 28 due to
0, and N,, respectively). At 25 and 73 °C, the sample
exhibited a new peak at 65.61 s (I) as well as two distinct
peaks at 87.88 s (III) and 90.64s (IV) (Fig. 2(a, b)). The
peak II was identified as 2-propanol by detecting mass
fragments at the m/z ratios of 59 (C;H,0™), 45 (C,HsO™),
43 (C3H;7) and 27 (C,H51) [33], which revealed that Al
(OCH,(CHj3),); easily reacted with PHPS at RT [19] (eq.
(3)). The two distinct peaks III and IV were identified as
xylene used as reaction solvent by detecting typical mass
fragments at the m/z ratios of 106, 91, 77, 65, 51, 39 and 27,
and suggested to be assigned to m- and p-xylene, respec-
tively [33].

At 108 °C, additional two peaks appeared at 66.13 s (V)
and 163.51 s (VI), then at 140 °C, the peak V decreased in
intensity, while the peak VI conversely increased in inten-
sity (Fig. 2(c, d)). MS analyses for the peak V resulted in
the detection of fragment species at the m/z ratios of 78
((CH3),CHCI®), 63 (*CH,CH,CI*®), 43 (CH;"CHCHjy), 27

(CH, =CH"), and 15 (CH; "), which were identical to those
of the reference sample, 2-chloropropane ((CHj3),CHCI,
Fig. 2(e)). On the other hand, the mass fragments for the
peak VI were detected at the m/z ratios of 148 (C,;H;g), 133
(CyoH;37), 117 (CoHy™), 105 (CgHo"), 91 (C;H;"), 77
(C¢Hs™), 65 (CsHs™), 39 (C3H3™) and 27 (C,H3™), which
were identical to those of another reference sample, dime-
thylcumene ((H;C),C¢H3;-CH(CHj3),) (Fig. 2(f)). It should
be noted that, at 140 °C, an unknown minor peak appeared
at 72.23 s, which was thought to be attributed to thermally
decomposed species derived from PHPS (Fig. 2(d)).

The new fragments detected for the peak V reveal that
reaction of (=Si),N),Al(OR);_, with AICI; proceeded (ex.
x = 1) as follows,

=si (l)R
=351
. “\N-Al-0-R
(SiH,~NH), + AI(OR); + AICl, ——— | _¢./ x
xylene =Sl '
rt-140 °C a-AL
ca aj 4
=si, OR cl
—  ON-A1-0-ar{ + RCI
=Si Ql

R = CH(CH,),

This reaction is analogous to the well-known non-
hydrolytic sol-gel (NHSG) reaction reported as the homo
condensation of M(OR), and MCI,, which generally pro-
ceeds at 80-150 °C (ex. AI(OR); with AICls, path (b)) [34—
36].

RO RO
>AI_Q/R >AI_Q/R
AI(OR), + AICIl, —| RO | ==RoO
C'E{Al\ a @\ AL @)

e (5)

Cl OR
N /
/Al——O —Al\

/OR /Cl
CI—AI + RO—AIQ
OR Cl Cl OR

Subsequently, formation of dimethylcumene proceeded
via the Friedel-Craft alkylation (FCA) between the xylene
solvent (C¢H4(CHj3),) and (CH3),CHCI formed in-situ (eq.
(5)) in the presence of AICI; as a Lewis acid catalyst [37].

al
AICI
R-Cl : R—fCl\‘All -

= R+ AlCc,” g
/@\ a” >a \ H +»7H
R=CH(CH), +AICl /©\‘— /E I (6)
R
/@\+ Al

3.2 Conversion into inorganic compounds

- HCl1
110-140°C

Thermal conversion of polymers to inorganic compounds
up to 1000 °C was monitored by the TG-MS analysis.
The results obtained for the A63E1 and A36E1 samples
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Fig. 2 Results of GC-MS analyses for ex-situ monitoring the chemical
modification reactions of PHPS with AI(OCH(CHj),); and AlCl;:
sampling and analyses of the gaseous species evolved from the reac-
tion solution for synthesis of A63E1 sample performed at (a) 25 °C,

were compared with those of A90E1 [19] and shown in
Fig. 3. As shown in Fig. 3(A), the A90E1 sample showed
a total weight loss of 17 %, while the total ion current
chromatogram (TICC) exhibited two distinct peaks
centred at 140 and 230 °C and one minor peak around
850 °C. The results of MS analysis revealed that the first
TICC peak at 140°C was primarily attributed to the
volatilization of residual xylene solvent (m/z = 106, 91,
77, 65, 63, 51, 39, and 27), while those at 133 (SizN;H;*:
N-SiH,-NH-SiH,-NH-SiH"), 75 (H,Si-NH-SiH,"), 45
(H,Si-NH") and 16 (NH,") could be due to the thermal
decomposition of oligomers originally existed as a low

@ Springer

m/z

b 73°C, ¢ 108 °C, d 141 °C (*: toluene used to clean sampling syr-
inge). The results of the reference samples of 2-chloropropane and
dimethyl cumene m-xylene solution were shown in (e) and (f),
respectively

molecular weight fraction of starting PHPS or formed in-
situ via the partial cleavage of the -SiH,-NH-SiH;- lin-
kages previously observed for the chemical modification
of PHPS with other metal alkoxides [17, 19, 21].

The mass spectrum recorded at 230 °C showed three
main fragments at the m/z ratios of 41 (H;C-CH =CH™),
29 (CH;CH, ") and 16 (CH,™), thus the second TICC peak
was due mainly to the thermal decomposition of the residual
isopropoxy (OCH(CHj3),) group originated from Al(OCH
(CH3),)s.

As shown in Fig. 3B, C, total weight loss up to 400 °C
increased consistently with the amount of AICl; used for the
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Fig. 3 Thermal behavior under He flow of Al, Eu-modified PHPS
samples, A A90E1 [19], B A63E1, C A36E1: (a) TG curve and total
ion current chromatogram (TICC), (b) mass fragments monitored by

chemical modification of PHPS and was measured to be 18 %
for the A63E1 sample (modification with AICl; at Al/Si=
0.03) and 28 % for the A36E1 sample (modification with
AlCl; at Al/Si= 0.06). The mass spectra of these samples
recorded at 140 and 230 °C showed new fragments (Fig. 3B,
C): from 140 to 230°C, the A63E1l sample apparently
increased the relative intensity at the m/z ratios = 78, 63, 43,
and 27 (marked by @ in Fig. 3B) assigned as **CICH(CH), ",
3CICHCH;", CH(CH3)," and CH,=CH" respectively.
These fragments can be attributed to 2-chloropropane

mass spectrometry at specific temperatures of 140, 230, and 850 °C
and (c) selected mass fragments monitored continuously during the
measurement

((CH3),CHCI) [33] formed in-situ by eq. (4). Moreover, at
140 °C, the A63E1 sample exhibited a new fragment at the m/
z ratio= 148, while the A36E1l sample showed two new
fragments at the m/z ratios = 148 and 105 (marked by Q), in
addition, the relative intensity at the m/z ratio = 133 became
highest (marked by O). The m/z ratios = 148, 133, and 105
are assigned as (H;C),CsH3-CH(CH;), ", H3C-C¢H;-CH(CH;)
* and (H;C),C¢H; ™, respectively, and these fragments were
attributed to dimethylcumene ((H3C),C¢H3-CH(CH3),) formed
in-situ by eq. (6).
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It should be noted that the mass spectrum at 230 °C of
the A36E1 sample exhibited additional fragments at the
m/z ratios = 101 and 99 (SiHCI**), 66 and 64 (SiHCI"), 38
H'CIY), 36 (H¥CIT) and 17 (NH;") (marked by v in Fig.
3C). The evolution of NHj is due to the transamination
reaction, which could be accelerated by the AICl; as a Lewis
acid catalyst. As suggested by the ATR-IR spectroscopic
analysis, the excess AlCl; was coordinated with NH groups of
PHPS, which could allow the Al-N bond formation via the
nucleophilic attack of N of the NH groups to Al cation center
of AICl; followed by elimination of HCI. As another possible
reaction, the released chloride anion (CI7) attacked other
electrophiles such as the Si center of PHPS moieties to release
chlorosilanes as previously discussed for chemical modifica-
tion of PHPS with MCl, (M = Co [24], Ni [25]).

As shown in Fig. 3A-C, all the samples exhibited the
third minor TICC peak at around 850 °C consisting mainly
of fragments at the m/z ratios of 36 and 38 which can be
assigned to HCl (H*Cl, H*'CI). As reported previously
[19], the EuCl, remained without reacting with the residual
alkoxide group, (=N),Al(OR);_,, up to approximately
744 °C, then began to melt accompanied by Cl~ elimina-
tion, which triggered the Eu-N bond formations with sily-
lamino moiety derived from PHPS followed by elimination
of HCI as a by-product (eq. (7)) [19].

1
NH Eucl,
SiH,-NH-SiH, OR a
ON-A1-0=a1{
=si

(=Si),NH
+

744°C< T Eu*Cl + CI

-2HCI =Si N/

ON-Eu-N-§ o

=si SN-AL—0=a1!
=si’ h

The chemical compositions of 1000 °C-pyrolyzed
samples are listed in Table 2. The Al/Si and Eu/Si ratios
of each sample are slightly higher than those of nominal
ones calculated based on the composition listed in Table
1, which was due to the volatilization of low molecular
fraction of as-received PHPS, monomeric chlorosilanes
and oligomers formed in-situ during the chemical mod-
ification reactions. When pyrolysis was performed under
flowing N,, excess oxygen and residual carbon contents
decreased consistently with the amount of AICl; used for

Table 2 Chemical compositions of 1000 °C-pyrolyzed samples

the chemical modification of PHPS. However, NA36E1
sample showed higher CI/Si ratio (0.10) compared with
that of other samples (C1/Si = 0.01~0.02). As discussed
above, in this precursor (A36E1l), unreacted AICl;
remained as stoichiometric excess for the NHSG reaction,
which resulted in the higher amount of the residual CI.

As shown in Table 2, compared with the
NAG63E1 sample, residual Cl content was reduced by the
NH;-pyrolysis, and the C1/Si ratio of the NHA63E1 sample
was measured to be 0.01. In addition, the C/Si ratio also
decreased from 0.16 to 0.14. Accordingly, the combination
of the NHSG reaction and subsequent FCA reaction during
single source precursor synthesis and the NH;-pyrolysis up
to 1000 °C was effective to improve the purity of polymer-
derived multicomponent SiAIEuON compound as an
intermediate for synthesizing SiAION:Eu®>" phosphors
through the PDCs route.

3.3 Formation of B-SiAION:Eu®>" phosphors

The 1000 °C-pyrolyzed samples were further heat-treated
at 1800 °C under a N, pressure at 980 kPa. The chemical
compositions of the 1800 °C-heat treated samples are
listed in Table 3. Each sample was named by following
that of the pyrolyzed sample, for instance, after the
1800 °C heat treatment, the NA63E1 sample was named
1800 °C-NAG63EL. The z values were calculated by using
the theoretical f-SiAION formula, Sis_,Al,O, > Ng_, 5
yEu”>" given by Wang et.al [3], and the chemical com-
positions were expressed as Sig_,Al,O, 5y sNg ;1091
yEu?* as mentioned in the experimental section. The
residual chlorine was successfully removed by the high-
temperature heat treatment up to 1800°C, and the
resulting chlorine content in each sample was below the
detection limit. Both the carbon and oxygen contents in
each sample also apparently decreased, which suggests
that, alongside the in-situ B-SiAlION formation, car-
bothermal reduction and subsequent nitridation reactions
proceeded as reported for silica (Si0,) in the presence of
free carbon [19, 38].

XRD patterns of the heat-treated samples are shown in
Fig. 4. All the samples show B-SiAION single phase except

Precursor Pyrolysis atmosphere  Pyrolyzed sample EDS (molar ratio) Element analysis Empirical formula
(wWt%)
Al/Si  Eu/Si Cl/Si O N C
A90E1[19] N, NA9OE1 0.11 002 002 570 2225 625 SiAly1100.19N¢84Co28Eu002Clo.02
A63E1 N, NA63E1 0.09 002 002 464 2334 391 SiAly9O0.15No.84Co.16EU0.02Clo 02
NH; NHAG63E1 011 002 001 399 3051 3.01 SiAlp1100.14N120Co.14Eu0,02Clo 01
A36E1 N, NA36E1 010 002 010 2.87 2299 297 SiAly1000.09No.86Co.13EU0.02Clo 10
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Table 3 Chemical compositions of 1800 °C-heated samples

{ phase ratio (%)

Chemical composition

Element analysis (wt

%)

EDS (molar ratio)

Sample name

Eu®t (mol%)

Sig_,ALO, 2y sNs_42yyiyEU*"

Empirical formula

C

Ew/Si crsi? o

Al/Si

100

0.41
0.37
0.37
0.12

—0.58
0.83
0.56

—0.11

0.055 —0.05

0.55
0.44
0.55

SiAlg.1000.07N1.28Co.08Eu0.01

80

3437 1.

2.33
1.89
3.49

2.

0.01
0.01
0.01

0.10

1800°C-NA9OE1 [19]
1800°C-NA63E1

100

0.00
0.22
0.03

0.056

SiAlp,0800.06N1.53C0.01Eug 01

0.19
0.

39.71

0.08

100

0.055

SiAlp1000.12N1.49C0.00Eu0 01

02
45

37.65
37.35

0.10

1800°C-NHAG63E1
1800°C-NA36E1

84

0.017

(0.34)?

SiAlp.0600.06N1.3¢Co.02EU0,003

03 0.

0.003) *

0.06

1) *Cl content was below the detection limit

2) The z value was calculated as single phase B-SiAION

the 1800 °C-NA36E1 sample which shows a mixture of o-
and p-SiAION phases.

The diffraction peak position of P-SiAION shifts
towards a lower diffraction angle consistently with the z
value due to the lattice expansion by replacing the Si-N
bond (0.174 nm) with the Al-O bond (0.175 nm) or Al-N
bond (0.187 nm) [39, 40]. In this work, the shift was
clearly observed at the 20 corresponding to the strongest
peak corresponding to the (101) plane of B-SiAION as
reported previously [40]: 33.666 (z = 0 (f-Si3Ny), JCPDS
card No. 33-1160), 33.525 (z=0.44, 1800°C-
NAG63El sample) and 33.510 (z=0.55, 1800 °C-
NHAG3E1 sample).

Funayama et al. reported that, in the case of high z
values (z> 1), a mixture including impure J-SiAION and
mullite phases formed due to the excess oxygen origi-
nated from the chemical modifier of AI(OR); [18]. In the
present single source precursor synthesis, the total
amount of Al-modifier was limited to control the z value
as 0.5, and AI(OR); was partly replaced by AICl; to
control the oxygen content while keeping the Al/Si molar
ratio. Moreover, carbothermal reduction and subsequent
nitridation efficiently proceeded during the 1800 °C-heat
treatment, which lead to the successful formation of
B-SiAION:Eu®" phosphors with chemical compositions
close to the theoretical ones appropriate for z values.
However, in the case of the 1800 °C-NA36E1 sample, a
considerable amount of aluminum (Al) was also lost,
which was due to the high amount of chlorine con-
tamination at the amorphous state after the 1000 °C-
pyrolysis in N; (Cl/Si=1.0, Table 2). This could lead to
the limited amount of the transient liquid phase formed
in-situ during the heat treatment, which resulted in the
formation of a mixture of a- and B-SiAION phases.
Moreover, the morphology of the 1800 °C-NA36E1 was
also different from those of other samples as shown in
Fig. 5: the 1800 °C-heat treated samples exhibited typical
rod-like B-SiAION grains except 1800 °C-NA36E1
sample which was composed of a mixture of a- and
p-SiAION phases having rather equiaxed grains
(Fig. 5(c)).

3.4 PL properties of polymer-derived B-SiAION:Eu®"
phosphors

The room temperature PL excitation and emission spectra
of the polymer-derived B-SiAION:Eu”*" phosphor sam-
ples are shown in Fig. 6. The excitation spectra (Fig. 6(a))
were monitored at the appropriate maximum emission
wavelengths of each sample shown in Fig. 6(c). The
emission spectra shown in Fig. 6(b, ¢) were monitored
under excitation at 410 and 460 nm, respectively. These
polymer-derived phosphor samples exhibited a similar

@ Springer
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Fig. 4 XRD patterns polymer-derived p-SiAION:Eu>* phosphors. a
1800 °C-NA9OE1 [19]. b 1800 °C-NA63E1. ¢ 1800 °C-NHA63E1.
d 1800 °C-NA36E1 samples

excitation spectrum with a broad peak centered around
300 nm and several peaks around 410 to 500 nm attrib-
uted to the absorptions of host lattice and the 4f’-4f°5d!
transitions of dopant Eu*" cations, respectively [4], and
exhibited a typical green emission under violet light
excitation (Aex =410 nm, Fig. 6(b)) or blue light excita-
tion (Aex =460 nm, Fig. 6(c)).

The PL excitation and emission spectra observed for the
present polymer-derived p-SiAION:Eu*" phosphor samples
were similar to those previously reported for the SiAION:
Eu®>" phosphors fabricated by the conventional powder
metallurgy method [4-6]. Accordingly, it was suggested
that the dopant Eu?" ions in the host f-SiAION were located
interstitially within the channels of the six-membered ring
along the ¢ axis as previously reported by Kimoto et al.
[41].

The emission peak intensity depends on the chemical
composition as well as the phase purity of the phosphors:
1800°C-NA63E1 and 1800°C-NA9OE1 [19] samples with
a single P-SiAION phase show obvious higher emission
intensity than that of 1800°C-NA36E1 sample with o-
SiAION impurity. In addition, the green emission intensity
(Aex =410 nm) was found to be increased by reducing the
carbon and chlorine impurities through the polymer-derived
ceramics route investigated in this study, and the highest

@ Springer

green emission intensity was achieved for the 1800 °C-
NAG63E1 sample. The mechanisms are now studied and will
be clarified in near future.

4 Conclusions

In this work, a series of p-SiAION:Eu>" phosphors were
synthesized through the PDCs route: high-purity single
source precursors in which strictly controlled chemical
composition was established at the molecular scale by
chemical modification of a commercially available PHPS
with AI(OCH(CH3),);, AICl; and EuCl,. The single source
precursors were successfully converted to -SiAION:Eu**
phosphors by pyrolysis at 1000 °C under flowing N, or NHj3
followed by heat treatment at 1800 °C under a N, gas
pressure at 980 kPa. The findings of our present study are
summarized as follows:

1. In addition to the Al-N bond formation with PHPS,
AICl; reacted with (=Si);_N(AI-OCH(CHj3),)
(x=1, 2) groups to release 2-chloropropane, which
was analogous to the well-known non-hydrolytic sol-
gel (NHSG) reaction between metal alkoxide and
metal chloride. Subsequently, AICl; acted as a Lewis
acid catalyst to promote the Friedel-Craft alkylation
(FCA) between xylene used as solvent and
2-chloropropane formed in-situ to afford dimethylcu-
mene.

2. EuCl, remained without reacting with the residual
alkoxide groups, (=N),AI(OR);_,, up to approxi-
mately 744 °C, then began to react with silylamino
moiety derived from PHPS to afford Eu-N bonds
associated with the elimination of HCI.

3. The oxygen content of the polymer-derived multi-
component SiAIEuON compound was finely con-
trolled by selecting the AI(OCH(CHj3),)3/AlCl; molar
ratio in the single source precursor synthesis.

4. The NHSG reaction and subsequent FCA during the
single source precursor synthesis and the NH;-
pyrolysis up to 1000 °C synergistically contributed
to reducing the carbon and chlorine impurities of the
polymer-derived multicomponent SiAIEuON com-
pound.

5. B-SiAION:Eu*" phosphors with chemical composi-
tions close to the theoretical ones expressed as Sig
_,ALO, »Ng ,o:yEu*", and the z values and Eu*"
contents were found in the ranges of 0.44-0.55 and
0.37-0.41 at%, respectively.

6. The polymer-derived B-SiAION:Eu*" phosphors
exhibited green emission under violet light (410 nm)
or blue light (460 nm) excitation attributed to the 4f7-
4f%("f3)5d" transition of dopant Eu?" jons, and
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Fig. 5 SEM images showing
morphology of polymer-derived
B-SiAION:Eu>* phosphors. (a)
1800 °C-NA9OE1 [19], (b)
1800 °C-NA63E1, (c) 1800 °C-
NA36E1 and (d) 1800 °C-
NHAG63E1 samples

Fig. 6 a Excitation. Sample zvalue  Eu*at%
b, ¢ Emission spectra of —1800°C-NA9OE1 [19]  0.55 0.41
polymer-derived f-SiAION: _ —1800°G-NAG3E 044 037
Eut phosphors _1800°C-NHAB3E1 0.55 0.37 537
—1800°C-NA3BE1 0.34 0.12
537
PLE Ae,=410 nm Ae,= 460 nm

Intensity (a.u.)

T T T T
250 300 350 400 450

Wavelength / nm

()

reduction of C and Cl impurities was found to be
effective to improve the green emission properties of
the polymer-derived B-SiAION:Eu*" phosphors.
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