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. Tofacilitate the next generation of environmental material for white light emitting diodes, the
discovery of natural luminesce is essential. In this study, we disclose a rare-earth free and yellow-

. emission phosphor, Phellodendron, which could be both excited by near ultraviolet light and blue light.

. The new yellow phosphor is obtained by extraction of Phellodendron chinense Schneid. The emission

. wavelength, full width at half maximum and CIE coordinates of extracted Phellodendron are 540 nm,

© 120 nm and (0.41, 0.55), respectively. The corresponding luminescent properties of Phellodendron
are characterized by PL, PLE, reflection spectra, FITR and decay lifetime. Surprising thing is luminous
intensity of Phellodendron phosphors excited at 380 nm was stronger than YAG:Ce phosphor by
more than 139%. In addition, we firstly introduce the yellow phosphor in white LED fabrication by
combining blue chip and Y;Al;0,,:Ce3* phosphor, to create warm white. For comparison, red-emission
CaAlSiN;:Eu?* phosphors are also introduced for LED package tests. The results demonstrate that
Phellodendron is a potential candidate for white LED applications.

: Nowadays, white light emitting diodes (W-LEDs) have provided remarkable advances in lighting technologies
. and displays'. Commercially-available W-LEDs are fabricated by combining either a blue-emitting InGaN-based
LED chip covered by a yellow-emitting phosphor Y;A1;0,,:Ce** (YAG)*™ or n-UV LED chip with coupling red,
. green and blue tricolor phosphors®~. A large number of luminescent materials used for LED applications are
© based on rare-earth ions doping technology" 2. Given a history of ecological concerns about pollution from
rare earth mines, particularly in China, there are growing social and environmental concerns about the growth
of the mining and mineral processing in this sector'*-!>. Apart from rare-earth ions doping, nature of narrow
absorption for YAG limit its application for n-UV LED application. Advent of technological advancement and
: economic growth have put our environment at great risk which has led researchers and scientists to develop
. technology that generates less negative environmental impact. We need to find some substitute for reducing the
. usage of rare-earth ions, preferably.
Phellodendron is a deciduous tree in the family Rutaceae that is native to east and northeast Asia
. Phellodendron bark mainly composed of berberine and palmatine!®-2°, which have been vastly used in Chinese
. traditional medicine?!-%* for various symptomatic treatment and pharmacological activities, such as inflamma-
tion?®%, anti-diarrhoea'® %, antitumor®-*!, antiviral'®*>*, and pneumonia®*. Aside from its importance in tradi-
© tional and modern pharmaceuticals, Phellodendron bark has been one of the major sources of yellow dye in Asia
* for fibers and paper materials not only for its color but also for its insect repellency®>~*°. Berberine and palmatine
- have received much attention in the field of medicine, dyes and dyeing since it is one of the few cationic colorants
. of the natural plant dyes, and it has high alkaloids‘® *!. Furthermore, Zhang et al. found the yellow varnish on
. the metallic foil of a 19-20th century Tibetan altar, the presence of berberine and possible palmatine as well, by
using HPLC-MS analysis*. Its major chromophoric substance is known to be berberine and palmatine which
. dyes fibers into yellow color from Phellodendron bark. To the best of our knowledge, there is no study on both
. the luminescence properties and LED applications of yellow material from Phellodendron bark. In this study,
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we firstly demonstrate that Phellodendron phosphor by extracting natural Phellodendron bark with ether and
composition and luminescence of Phellodendron phosphor were investigated. In addition, in order to reduce
usage of rare-earth ions, we combine commercial phosphor and natural Phellodendron phosphor by extracting.

In this study, we found a natural yellow material by extracting Phellodendron chinense Schneid. This
yellow-emission phosphor is believed to replace rare earth ion-doped phosphors and reduce their usage in
LED applications. Phellodendron phosphor could be pumped by near-UV light or blue light because of its
nature of wide absorption band. We construct a series of LED package data by using YAG, CaAlSiN;:Eu*" and
Phellodendron phosphor for comparison. The proposed approaches may be alternative combination for LED
applications in the future.

Results and Discussion

The photo image of Phellodendron phosphor is shown in Fig. 1c¢ which was extracted by using diethyl ether
and collected and evaporated in rotary evaporators to obtain the diethyl ether extraction. The daylight color
shown in Fig. 1¢c was amber yellow. In UV box, Phellodendron phosphor displayed mustard yellow and canary
yellow under 254 nm and 365 nm excitation, respectively. Since the alkaloids in Phellodendron chinense Schneid
were high polar, methanol-d, was used as a solvent to ensure that all the extract can be dissolved and avoid
the inference of phenolic hydroxyl signals for NMR measurement'®. The '"H NMR spectrum of Phellodendron
phosphor is well documented in methanol-d, in Fig. S2 and Table S1. The analysis of the NMR spectrum of
Phellodendron phosphor revealed the extracts is Berberine!®. FT-IR spectroscopy was used to analyze to the
functional groups in Phellodendron phosphor, as shown in Fig. 2a. The FT-IR spectrum revealed the presence
of=C-H (880-995cm 1), C-O (1040-1100cm '), C-N (1250-1271 cm™!), CH, & CH; (1350-1470cm 1), C=C
(1630-1680cm™!), C-H (2850-3000cm™!), -OH (3200-3550 cm™!) in Phellodendron phosphor. The result of
FI-TR spectroscopy was consistent with the result of NMR.

The optical property of Phellodendron phosphor was analyzed using UV visible spectroscopy and the corre-
sponding spectrum is shown in Fig. 2b. The broad absorption peak was from 200 nm to 500 nm. The absorption
coefficient o in many amorphous semiconductors shows an exponential dependence on photon energy usually
obeying the empirical relation. The band gap of Phellodendron phosphor (E,) was determined by using Tauc’s
plot-4e,

ahv = f(hv — E,)’ o

where h—Planck’s constant, v—frequency of vibration, a—absorption coefficient, E,—band gap, 3—propor-
tional constant. For allowed direct transitions, n=1/2, and for allowed indirect transitions, #n = 2. From results of
Fig. 2(c) and (d), Phellodendron phosphor showed both direct band gap and indirect band gap were determined
tobe 2.49eV and 2.62 eV, respectively.

Normalized photoluminescence excitation and photoluminescence emission spectra of Phellodendron
phosphor and YAG:Ce are displayed in Fig. 2e. Phellodendron phosphor exhibits a nature of broad absorption
band from 360 nm to 500 nm, indicating that it can be effectively applied in general lighting for UV, nUV and
blue-pumping LED devices. The emission spectra of Phellodendron phosphor and YAG:Ce excited at 460 nm
display the broad yellow-emitting peak at 543 nm and 560 nm, respectively. YAG:Ce, however, could only
be excited at 460 nm according to the sharp absorption band at ~460 nm. Even though, the luminous inten-
sity of Phellodendron phosphor is 3% of that of YAG:Ce phosphor at 460 nm excitation. Nevertheless, when
Phellodendron phosphors were excited at 380 nm, the luminous intensity of Phellodendron phosphor is more
than 139% than that of YAG:Ce phosphor. Phellodendron phosphor can be applied both nUV and blue chip
for LED devices following to the above result. Fig. S3a shows PL/PLE spectra of commercial red-emission
phosphor-CaAlSiN;:Eu?t. The emission spectra of CaAlSiN;:Eu?* phosphor is excited at 460 nm displays
red-emitting peak at 620 nm.

To better explain information about the microenvironment surrounding the excited probe molecule, we
recorded the time-resolved PL (TRPL) decay measurements of Phellodendron phosphor, as shown in Fig. 2f. It
provides a complementary technique to study the PL mechanism of Phellodendron phosphor, using the kinet-
ics of electron-hole recombination as a probe. The orange line in Fig. 2f displays the PL decay profile of the
Phellodendron phosphor under excitation of the 260 nm laser. The PL profile can be well fitted by a sum of
exponential expressions (equation 2) and the average lifetimes (7) for bi-exponential decay of fluorescence were
calculated from the decay times and pre-exponential factors, using the following equation (equation 3) as previ-
ous work?”:

I(t) = s exp(—t/7)
Xi:a exXp i (2)

2
Q;T;

QT (3)

T =

where «; is amplitudes and 7; is the decay lifetimes. The behavior of bi-exponential decay of Phellodendron phos-
phor indicate that there were a fast component 7,(0.85ns) and a slow component 7, (4.08 ns). The phenomenon
is similar with previous studies, such as carbon quantum dots and luminesce dyes*’. According to the above
equations, the decay curve in Fig. 2f gives a average time constant of 7 = 2.47 ns.

The Commission Internationale de UEclairage (CIE) color diagram of above Phellodendron phosphor
(D), YAG phosphor (Y) and CaAlSiN;:Eu?* phosphor (R) are shown in Fig. 3a. The CIE coordinates of three
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Figure 1. (a) Schematic of the extracted device for Phellodendron phosphor; (b) Illustration of w-LEDs
packaged for LEDs; (¢) Photograph of Phellodendron phosphor excited at 254 nm and 365 nm in UV box.

samples are marked in CIE 1931 chromaticity diagram beyond D (0.41, 0.55), Y (0.44, 0.53), and R (0.64, 0.36),
respectively. The images of samples are excited under 365 nm in UV box. Furthermore, in order to demonstrate
the promising application of Phellodendron phosphor in solid-state lighting. We package LED by combing
Phellodendron phosphor and commercial YAG:Ce phosphor. Due to the high CCT (over>5000K) of com-
mercial W-LED (blue LED + YAG:Ce), it produces a cold bluish white. Owing to the continuous advances in
phosphor technologies, tunable CCT from 2700-6500 K can be achieved*®. W-LEDs are constructed by combing
Phellodendron phosphor and the commercial YAG:Ce phosphor with an InGaN-based blue LED chip in Fig. 3d.
The commercial W-LED (Blue LED + YAG:Ce, namely LED(1)) was compared with the commercial W-LED
(Blue LED, YAG:Ce, and Phellodendron phosphor, LED(2)) and the commercial W-LED (Blue LED, YAG:Ce,
and CaAlSiN;:Eu?t, LED(3)). As a result, CIE coordinates of W-LEDs are changed from high CCT to low CCT
after adding Phellodendron phosphor or CaAlSiN;:Eu?* phosphor in W-LEDs. Photographs of the W-LED lamp
packages under 30 mA forward bias currents are shown in Fig. 3b. After adding Phellodendron phosphor or
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Figure 2. (a) FT-IR spectrum of Phellodendron phosphor; (b) UV visible absorption spectrum of
Phellodendron phosphor; (¢) Direct band gap estimation of Phellodendron phosphor; (d) Indirect band gap
estimation of Phellodendron phosphor; (e) Relative photoluminescence excitation and emission spectra of
Phellodendron phosphor (filled area) and YAG:Ce (dotted curves); (f) The PL decay spectrum of Phellodendron
phosphor monitored at the emission peak (orange line). The dash line shown in (f) is a fitting result according to
Eq. (2).

CaAlSiN;:Eu?* phosphor into phosphor paste, the color temperature of W-LEDs changed from cold color tem-
perature to warm color temperature. Fig. S2¢ exhibits the CIE chromaticity diagram of enlarge of Fig. 3b with
Planckian Locus line. The CIE chromaticity coordinates are shown in Table S2.

Figure 3e shows the CCTs of LED (1), LED (2) and LED (3) with 15 iterations each and the summary are shown
in Fig. S3c and Table S3. The range of LED (2) and LED (3) were from 3000K to 4000 K, which are lower than that
of LED (1). The average CCT of LED (1), LED (2) and LED (3) are 7623 K, 3615.7 K and 3477.6 K, respectively. It
indicates that the CCT of W-LEDs could be easily controlled through the addition of Phellodendron phosphor
or CaAlSiN;:Eu?* phosphor. Based on the results, the CCT of LED (2) was similar to that of LED (3). Thus, the
Phellodendron phosphor could replace the commercial red phosphor CaAlSiN;:Eu?*.

In addition, we packaged LEDs with different content (0, 0.1, 2.4, 9.1, 50 wt.%) of Phellodendron phosphor
shown in Fig. 3c. More Phellodendron phosphor we added, the color of emitting light is much warmer from
10000K to 1500 K under 30 mA forward bias currents. In other words, we can easily control CCTs of LEDs
through the Phellodendron phosphor addition for different applications. For luminous efficacy, the white LEDs
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Figure 3. (a) CIE chromaticity diagram of Phellodendron phosphor (D), YAG phosphor (Y) and
CaAlSiN;:Eu** phosphor (R). Insets: the images of samples excited with blue light in box; (b) CIE chromaticity
diagram of w-LEDs coupling the 460 nm blue chip with LEDs (*: LED (1), x: LED (2), o- LED (3)); (c) CIE
chromaticity diagram of LEDs with different content (0, 0.1, 2.4, 9.1, 50%) Phellodendron phosphor; (d)
Photographs of the LED lamp packages under 30 mA forward bias currents; (e) Color correlated temperature
(CCT) of LED (1), LED (2) and LED (3).

driven of LED(1), LED(2) and LED(3) at a D.C. current of 30 mA exhibited about 61.6, 48.6 and 58.8 Im/W,
respectively. By characterizing the luminesce properties of Phellodendron phosphor, we revealed that the
yellow-emission peak at 543 nm and it could partially replace rare-earth elements and reduce their use in LED
applications.

Conclusions

In this study, we first report luminescent properties of phosphor by extracting natural Phellodendron bark with
ether. Phellodendron phosphor can be made into powder and be suspended in epoxy resin to form phosphor
resin. Nuclear magnetic resonance (NMR), Photoluminescence/ photoluminescence excitation (PL/PLE), as well
as CIE coordinates are characterized. The results indicated that phosphor gives an intense yellow emission peak
at 540 nm under optimal excitation wavelength of 460 nm. The absorption band of phosphor was in the range of
350-525nm, which could be excited by either n-UV chips or blue chips. The amount of phosphor contain can
thus be adjusted to optimize the color intensity efficiency, CIE coordinate, correlated color temperature (CCT)
and color-rendering index (CRI) of the light emitting diode (LED). Furthermore, this study helps with selection
of the appropriate phosphorus content so on to optimize CIE and CCT performance.

Methods

Materials synthesis. In this study, Phellodendron chinense powder (40 g) was extracted by using 1L diethyl
ether in nitrogen atmosphere for 2 hours under reflux. Then, the supernatant was collected and evaporated to dry
in rotary evaporators to obtain the diethyl ether extract, named Phellodendron phosphor. Figure 1(a) shows the
schematic of the extracted device for Phellodendron phosphor. Phellodendron chinense powder was purchased
from the Sheng Chang pharmaceutical Co., Ltd. Technology. Diethyl ether (HCOOH, >98%) was purchased from
Sigma-Aldrich (USA). For the W-LED fabrication, 0.1 g phosphor were mixed with 0.1 g thermal-curable silicone
resin (OE-6636A) under vigorous stirring. Subsequently, silicone resin (OE-6551B, 0.1 g) was added to form a paste.
The procedure of LED packing by LED dispenser is shown in Fig. S1. W-LEDs were fabricated by dispensing the
phosphor containing paste onto the InGaN-based blue-LED chip (ES-CEBLV10R). In this paper, W-LEDs device
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we used could be divided into three types: LED (1): Blue chip (455~460nm) + YAG (0.1g, UC-521B); LED (2): Blue
chip (455~460nm) + YAG phosphor (0.1 g, UC-521B) + Phellodendron phosphor (0.01g) and LED (3): Blue chip
(455~460nm) 4+ YAG phosphor (0.1 g, UC-521B) + CaAlSiN;:Eu*>* phosphor (0.00475 g, CN-NR630). Figure 1(b)
exhibits the illustration of w-LEDs packaged for LEDs and all conditions were packaged with 15 iterations each.

Characterization methods. The photoluminescence (PL) and photoluminescence excitation (PLE) spectra
were measured using Horiba Jobin-Yvon FluoroMax-4 spectrometer equipped with a 450 W Xenon lamp as the
excitation source. All the spectra were measured with a scan rate of 150 nmmin~!. '"H NMR spectra were meas-
ured in methanol-d, (> 99.8%, Sigma-Aldrich) with a Bruker Avance 400 MHz spectrometer, using TMS as an
internal standard. For each sample, 100 scans were recorded with the following parameters: 0.183 Hz/point with
spectra width of 6009 Hz. The pulse width and relaxation delay are 4 s and 1.5, respectively. For quantitative anal-
ysis, peak area was integrated for each peak selected manually. Fourier transform infrared spectroscopy (FT-IR)
spectra were collected using a Bruker Tensor 27 FT-IR spectrophotometer at a resolution of 4cm™". The optical
absorption spectra of the samples were carried out with an UV-VIS-NIR spectrophotometer (Hitachi U-3900,
Japan) in the range of 200-800 nm. Commission International de IEclairage (CIE) chromaticity coordinates
of the samples were measured using a Laiko DT-101 color analyzer equipped with a CCD detector (Laiko Co.,
Tokyo, Japan). A pulsed laser with a wavelength of 260 nm, a repetition frequency of 20 MHz, and a duration of
250 fs was used as the excitation source for time-resolved PL studies. The collected luminescence was dispersed
by a 0.75m spectrometer and detected with the photomultiplier tube. Time-resolved PL were performed using
the technique of time-correlated single-photon counting (TCSPC). The steady-state and time-resolved PL was
measured at room temperature. The time resolution for the time-resolved PL instrument is pico-second.

References

1. Xia, Z. et al. Progress in discovery and structural design of color conversion phosphors for LEDs. Progress in Materials Science 84,
59-117, doi:10.1016/j.pmatsci.2016.09.007 (2016).

2. Liu, W.-R. et al. High efficiency and high color purity blue-emitting NaSrBO5:Ce** phosphor for near-UV light-emitting diodes.
Journal of Materials Chemistry 21, 6869-6874, do0i:10.1039/C1JM10765H (2011).

3. Tucureanu, V. et al. Synthesis and characterization of YAG:Ce phosphors for white LEDs. Opto-Electronics Review 23, 239-251,
doi:10.1515/0ere—2015—0038 (2015).

4. Niu, X. et al. Photoluminescence properties and concentration quenching of Dy** doped YAG phosphors for domestic lighting.
Journal of Ceramic Processing Research 16, 609-613 (2015).

5. Lin, P.-C. et al. An efficient nitridation approach to enhance luminescent intensity of YAG:Ce’" phosphor by using
hexamethylenetetramine. J. Ceram. Process. Res 15, 185-188 (2014).

6. Sheu, J.-K. et al. White-light emission from near UV InGaN-GaN LED chip precoated with blue/green/red phosphors. IEEE
Photonics Technology Letters 15, 18-20, doi:10.1109/LPT.2002.805852 (2003).

7. Annadurai, G. et al. Synthesis and photoluminescence properties of Ba,CaZn,SicO,,:Eu** red phosphors for white LED applications.
Journal of Luminescence 169, 690-694, doi:10.1016/j.jlumin.2015.03.007 (2016).

8. Zhao, J. et al. Synthesis, electronic structure and photoluminescence properties of Ba2BiV;0,,:Eu** red phosphor. Dyes and
Pigments 132, 159-166, doi:10.1016/j.dyepig.2016.04.052 (2016).

9. Zhang, L. et al. Novel layered perovskite Sr;Ti,0,:Eu** phosphor with high-efficiency luminescence enhanced by charge
compensation. Journal of Alloys and Compounds 657, 27-31, doi:10.1016/j.jallcom.2015.10.096 (2016).

10. Ronda, C. et al. Rare earth phosphors: fundamentals and applications. Journal of Alloys and Compounds 275, 669-676, doi:10.1016/
$0925-8388(98)00416-2 (1998).

11. Chen, M. et al. Tuning of photoluminescence and local structures of substituted cations in x Sr,Ca(PO,), - (1-x)Ca,(Li(PO,),:Eu*"
phosphors. Chemistry of Materials 29, 1430-1438, doi:10.1021/acs.chemmater.7b00006 (2017).

12. Xia, Z. et al. Ce**-Doped garnet phosphors: composition modification, luminescence properties and applications. Chemical Society
Reviews 46, 275-299, doi:10.1039/C6CS00551A (2017).

13. Alj, S. H. Social and environmental impact of the rare earth industries. Resources 3, 123-134, doi:10.3390/resources3010123 (2014).

14. Yang, X. J. et al. China’s ion-adsorption rare earth resources, mining consequences and preservation. Environmental Development 8,
131-136, doi:10.1016/j.envdev.2013.03.006 (2013).

15. Wiibbeke, J. Rare earth elements in China: Policies and narratives of reinventing an industry. Resources Policy 38, 384-394,
doi:10.1016/j.resourpol.2013.05.005 (2013).

16. Read, RA et al. Phellodendron amurense Rupr.: Amur corktree. (2008).

17. hui, Z R Gwsbydwy. Pharmacopoeia of the People’s Republic of China. 1, (Chemical Industry Press, 2000).

18. Li, C.-Y. et al. A rapid and simple determination of protoberberine alkaloids in cortex phellodendri by "H NMR and its application
for quality control of commercial traditional Chinese medicine prescriptions. Journal of Pharmaceutical and Biomedical Analysis 40,
173-178, doi:10.1016/j.jpba.2005.06.017 (2006).

19. Marek, R. et al. Palmatine and berberine isolation artifacts. Journal of Natural Products 66, 481-486, doi:10.1021/np0204996 (2003).

20. Lee, B. et al. Phellodendron amurense and its major alkaloid compound, berberine ameliorates scopolamine-induced neuronal
impairment and memory dysfunction in rats. The Korean Journal of Physiology & Pharmacology 16, 79-89, doi:10.4196/
kjpp.2012.16.2.79 (2012).

21. Drasar, P. et al. Recent advances in analysis of Chinese medical plants and traditional medicines. Journal of Chromatography B 812,
3-21, d0i:10.1016/j.jchromb.2004.09.037 (2004).

22. Hu, Y. M. et al. Quality assessment of Cortex Phellodendri by high-performance liquid chromatography coupled with electrospray
ionization mass spectrometry. Biomedical Chromatography 24, 438-453, doi:10.1002/bmc.1311 (2010).

23. Tkram, M. A review on the chemical and pharmacological aspects of genus Berberis. Planta Medica 28, 353-358, d0i:10.1055
/s-0028-1097869 (1975).

24. Birdsall, T C et al. Berberine therapeutic potential of an alkaloid found in several medicinal plants. Alternative Medicine Review 2 (1997).

25. Huang, KC. The pharmacology of Chinese herbs. (CRC press, 1998).

26. Kuo, C.-L. et al. The anti-inflammatory potential of berberine in vitro and in vivo. Cancer Letters 203, 127-137, doi:10.1016/j.
canlet.2003.09.002 (2004).

27. Tang, J. et al. Berberine and Coptidis rhizoma as novel antineoplastic agents: a review of traditional use and biomedical
investigations. Journal of Ethnopharmacology 126, 5-17, d0i:10.1016/j.jep.2009.08.009 (2009).

28. James, M. A. et al. Dietary administration of berberine or Phellodendron amurense extract inhibits cell cycle progression and lung
tumorigenesis. Molecular Carcinogenesis 50, 1-7, doi:10.1002/mc.20690 (2011).

29. Choi, M. S. et al. Berberine inhibits p53-dependent cell growth through induction of apoptosis of prostate cancer cells. International
Journal of Oncology 34, 1221, doi:10.3892/ijo_00000250 (2009).

SCIENTIFICREPORTS|7:9009 | DOI:10.1038/541598-017-09291-1 6


http://dx.doi.org/10.1016/j.pmatsci.2016.09.007
http://dx.doi.org/10.1039/C1JM10765H
http://dx.doi.org/10.1109/LPT.2002.805852
http://dx.doi.org/10.1016/j.jlumin.2015.03.007
http://dx.doi.org/10.1016/j.dyepig.2016.04.052
http://dx.doi.org/10.1016/j.jallcom.2015.10.096
http://dx.doi.org/10.1016/S0925-8388(98)00416-2
http://dx.doi.org/10.1016/S0925-8388(98)00416-2
http://dx.doi.org/10.1021/acs.chemmater.7b00006
http://dx.doi.org/10.1039/C6CS00551A
http://dx.doi.org/10.3390/resources3010123
http://dx.doi.org/10.1016/j.envdev.2013.03.006
http://dx.doi.org/10.1016/j.resourpol.2013.05.005
http://dx.doi.org/10.1016/j.jpba.2005.06.017
http://dx.doi.org/10.1021/np0204996
http://dx.doi.org/10.4196/kjpp.2012.16.2.79
http://dx.doi.org/10.4196/kjpp.2012.16.2.79
http://dx.doi.org/10.1016/j.jchromb.2004.09.037
http://dx.doi.org/10.1002/bmc.1311
http://dx.doi.org/10.1055/s-0028-1097869
http://dx.doi.org/10.1055/s-0028-1097869
http://dx.doi.org/10.1016/j.canlet.2003.09.002
http://dx.doi.org/10.1016/j.canlet.2003.09.002
http://dx.doi.org/10.1016/j.jep.2009.08.009
http://dx.doi.org/10.1002/mc.20690
http://dx.doi.org/10.3892/ijo_00000250

www.nature.com/scientificreports/

30. Choi, M. S. et al. Berberine inhibits human neuroblastoma cell growth through induction of p53-dependent apoptosis. Anticancer
Research 28, 3777-3784 (2008).

31. Kumar, A. P. et al. Akt/cAMP-responsive element binding protein/cyclin D1 network: a novel target for prostate cancer inhibition in
transgenic adenocarcinoma of mouse prostate model mediated by Nexrutine, a Phellodendron amurense bark extract. Clinical
Cancer Research 13,2784-2794, doi:10.1158/1078-0432.CCR-06-2974 (2007).

32. Kim, J.-H. et al. Inhibitory effects of an aqueous extract from Cortex Phellodendrion the growth and replication of broad-spectrum
of viruses in vitro and in vivo. BMC Complementary and Alternative Medicine 16, 265, doi:10.1186/5s12906-016-1206-x (2016).

33. Kim, H.-Y. et al. In vitro inhibition of coronavirus replications by the traditionally used medicinal herbal extracts, Cimicifuga
rhizoma, Meliae cortex, Coptidis rhizoma, and Phellodendron cortex. Journal of Clinical Virology 41, 122-128, doi:10.1016/j.
jcv.2007.10.011 (2008).

34. Zuo, G.-Y. et al. Antibacterial and synergy of berberines with antibacterial agents against clinical multi-drug resistant isolates of
methicillin-resistant Staphylococcus aureus (MRSA). Molecules 17, 10322-10330, doi:10.3390/molecules170910322 (2012).

35. Ahn, C. et al. Analysis of dye extracted from Phellodendron bark and its identification in archaeological textiles. Textile Research
Journal 82, 1645-1658, doi:10.1177/0040517511431316 (2012).

36. Ahn, C. et al. Dyeing behaviors of berberine, palmatine, and dye extracted from Phellodendron bark on silk fabric. Journal of the
Korean Society of Clothing and Textiles 36, 1257-1269, doi:10.5850/JKSCT.2012.36.12.1257 (2012).

37. Zhang, X. et al. Preliminary studies toward identification of sources of protoberberine alkaloids used as yellow dyes in Asian objects
of historical interest. Studies in Conservation 55, 177-185, doi:10.1179/sic.2010.55.3.177 (2010).

38. Choo, C. K. K. et al. Analysis of dyeings produced by traditional Korean methods using colorants from plant extracts. Coloration
Technology 118, 35-45, doi:10.1111/j.1478-4408.2002.tb00135.x (2002).

39. Ahn, C.-S. Study on the degradation behavior of berberine dye and berberine dyed silk using hydrogen peroxide/UV/oxygen
treatment. The Research Journal of the Costume Culture 20, 238-250, doi:10.7741/rjcc.2012.20.2.238 (2012).

40. Lee, Y. H. et al. Dyeing and deodorizing properties of cotton, silk, wool fabrics dyed with Amur Corktree, Dryopteris crassirhizoma,
Chrysanthemum boreale, Artemisia extracts. Journal of Applied Polymer Science 115, 2246-2253, doi:10.1002/app.31357 (2010).

41. Kim, H. et al. Effects of introduced chemical groups on the dyeability of cotton fabrics with Phellodendron amurense Rupr. Dyes and
Pigments 75, 351-355, d0i:10.1016/j.dyepig.2006.06.017 (2007).

42. Zhang, X. et al. Application of LC-MS to the analysis of dyes in objects of historical interest. International Journal of Mass
Spectrometry 284, 108-114, doi:10.1016/j.ijms.2008.07.014 (2009).

43. O’Leary, S. K. et al. On determining the optical gap associated with an amorphous semiconductor: A generalization of the Tauc
model. Solid State Communications 104, 17-21, doi:10.1016/S0038-1098(97)00268-8 (1997).

44. Sanchez-Vergara, M E et al. Morphological and optical properties of dimetallo-phthalocyanine-complex thin films. Advances in
Materials Physics and Chemistry 2014, doi: 10.4236/ampc.2014.42004 (2014).

45. Muthamizh, S. et al. MnWO, nanocapsules: Synthesis, characterization and its electrochemical sensing property. Journal of Alloys
and Compounds 619, 601-609, doi:10.1016/j.jallcom.2014.09.049 (2015).

46. Feng, D. et al. Investigations on the photoluminescence spectra and its defect-related nature for the ultraviolet transmitting fluoride-
containing phosphate-based glasses. Journal of Non-Crystalline Solids 425, 130-137, d0i:10.1016/j.jnoncrysol.2015.06.009 (2015).

47. Paluszkiewicz, J. et al. New perylene dyes, derivatives of 1, 6, 7, 12-tetrachloroperylene-3, 4, 9, 10-tetracarboxylic acid: synthesis and
application. Coloration Technology 132, 449-459, doi:10.1111/cote.12237 (2016).

48. Xie, R-] et al. Nitride phosphors and solid-state lighting. (CRC Press, 2016).

Acknowledgements
This research is financially supported by Ministry of Science and Technology (NSC 102-2221-E-033-050-MY2).

Author Contributions

P.C. wrote the manuscript text with some contributions from W.R. M.H. and K.T. did most of the experiments.
P.C. interpreted the data and characterized the Phellodendron phosphor. M.H. collected data for packaged test.
Figures were prepared by P.C.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-09291-1

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:9009 | DOI:10.1038/541598-017-09291-1 7


http://dx.doi.org/10.1158/1078-0432.CCR-06-2974
http://dx.doi.org/10.1186/s12906-016-1206-x
http://dx.doi.org/10.1016/j.jcv.2007.10.011
http://dx.doi.org/10.1016/j.jcv.2007.10.011
http://dx.doi.org/10.3390/molecules170910322
http://dx.doi.org/10.1177/0040517511431316
http://dx.doi.org/10.5850/JKSCT.2012.36.12.1257
http://dx.doi.org/10.1179/sic.2010.55.3.177
http://dx.doi.org/10.1111/j.1478-4408.2002.tb00135.x
http://dx.doi.org/10.7741/rjcc.2012.20.2.238
http://dx.doi.org/10.1002/app.31357
http://dx.doi.org/10.1016/j.dyepig.2006.06.017,
http://dx.doi.org/10.1016/j.ijms.2008.07.014
http://dx.doi.org/10.1016/S0038-1098(97)00268-8
http://dx.doi.org/10.4236/ampc.2014.42004
http://dx.doi.org/10.1016/j.jallcom.2014.09.049
http://dx.doi.org/10.1016/j.jnoncrysol.2015.06.009
http://dx.doi.org/10.1111/cote.12237
http://dx.doi.org/10.1038/s41598-017-09291-1
http://creativecommons.org/licenses/by/4.0/

	Phellodendron chinense Schneid: A novel yellow-emitting luminescent material for white light-emitting diodes

	Results and Discussion

	Conclusions

	Methods

	Materials synthesis. 
	Characterization methods. 

	Acknowledgements

	Figure 1 (a) Schematic of the extracted device for Phellodendron phosphor (b) Illustration of w-LEDs packaged for LEDs (c) Photograph of Phellodendron phosphor excited at 254 nm and 365 nm in UV box.
	Figure 2 (a) FT-IR spectrum of Phellodendron phosphor (b) UV visible absorption spectrum of Phellodendron phosphor (c) Direct band gap estimation of Phellodendron phosphor (d) Indirect band gap estimation of Phellodendron phosphor (e) Relative photolumine
	Figure 3 (a) CIE chromaticity diagram of Phellodendron phosphor (D), YAG phosphor (Y) and CaAlSiN3:Eu2+ phosphor (R).




