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The Mn2+-doped Zn2SiO4 phosphor has been used as a 
luminescent material for lamp and plasma panel display because 
of its high-luminescent efficiency and chemical stability.1 The 
emission of the Zn2-xMnxSiO4 at 520 nm is attributed to d-level 
spin-forbidden transition for Mn(II).2-3 According to the earlier 
literatures, the photoluminescence (PL) process of Zn2-xMnxSiO4 
phosphors has been characterized by the transition of 3d5 elect-
rons in the manganese ion acting as an activation center in the 
willemite structure. In particular, the transition from the lowest 
excited state to the ground state, i.e. 4T1(4G) → 6A1(6S) transi-
tion, is directly responsible for the green light emission.4,5

In the synthesis of Zn2-xMnxSiO4, the solid state reaction is 
difficult to control the distribution of the doped metal ions and 
the morphology of the particles, and avoid the aggregation of 
the willemite (rhombohedral structure R3) particles.6 In order 
to overcome these problems, many methods for preparation of 
the Zn2-xMnxSiO4 have been proposed, such as sol-gel method,7 
polymer precursor method,8 spray pyrolysis method,9 and hydro-
thermal method.10-13 Especially, sol-gel technique offers several 
processing advantages over many material production methods, 
mainly due to purity, homogeneity, lower calcining tempera-
ture.14,15 In the syntheses of Zn2-xMnxSiO4 using sol-gel method, 
tetraethyl orthosilicate (TEOS) is generally used as a Si-source. 
However, the reagent has some problems such as organic pol-
lutants and complicated process including hydrolysis step.

In this paper, we present a novel method for preparation of 
Zn2-xMnxSiO4 using a colloidal silica suspension. It is generally 
accepted that the negative ionic charge is developed on the sur-
face of silica above about pH 7, and nearly zero charge below 
about pH 2.16 At low pH where there is little surface charge, 
the silica surface is covered by a monolayer of hydrogen-bond-
ed water molecules to form silanol. In case that water-soluble 
polar organic molecules are present, they compete with water 
for the silanol surface.16 In sol-gel method using the citric acid, 
the citric acid molecule loses 3 protons from the three carboxyl 
groups, which results in the citrate anion. This citrate anions can 
chelate metal cations like as the interaction between citric acid 
and colloidal silica. This is the reason why we use colloidal silica 
solution instead of TEOS for the preparation of Zn2-xMnxSiO4, 
the green-emitting phosphor.

We fabricate Zn2-xMnxSiO4 using colloidal silica solution 
and characterize our samples by various methods, such as X-Ray 

Diffraction (XRD), Scanning Electron Microscopy (SEM), and 
PL measurements.

Experimental Section

Zn2-xMnxSiO4 (x = 0.08) powders were prepared by sol-gel 
method using citric acid. The stoichiometric amounts of Zn 
(NO3)2·6H2O and Mn(NO3)2·xH2O were dissolved in citric acid 
solution, and then the pH of solutions was adjusted to be 1~2. 
Subsequently, the colloidal silica (LUDOX AM-30) was dropped 
into the solution at a rate of approximately 1 mL/min under 
violent agitation. The transparent sol was gradually changed 
into the dark-gray powders during the heating on a hot plate at 
150 oC. The obtained dark-gray powder was treated for 6 h at 
temperatures between 800 oC and 1200 oC in the air, and finally 
all samples were reduced at 800 oC for 4h under the mixture of 
nitrogen (96%) and hydrogen (4%). For structural refinements, 
XRD with Cu Kα radiation was used (Shimadzu XRD-6000 
model). The morphology of phosphor particles was observed 
by the Scanning Electron Microscopy (SEM) using a Hitachi 
S-4200 under Vacc. ≈ 15 kV. Specimens for electron microscope 
were coated with Pt-Rh on carbon tape for 90 s under vacuum. 
For PL measurements, Fluorometer with a xenon flash lamp 
was used (Shimadzu RF-5301PC model).

Result and Discussion

Figure 1 shows the XRD patterns of samples treated at tem-
peratures between 800 oC and 1200 oC for 6 h. As shown in 
Figure 1, the pure willemite phase, Zn2SiO4 is formed even at 
800 oC, which is comparable to the crystallization temperature 
of Zn2SiO4, about 1300 oC at solid-state reaction. It should be 
mentioned that a colloidal silica as a Si-source is effective one 
in the fine particle synthetic route. In case that water-soluble 
polar organic molecules are present, they compete with water 
for the silanol surface. The adsorption onto the silica surface 
(SisOH) involves the relative proportion of hydrocarbon to polar 
atoms in the molecule.16 As a citric acid molecule has the three 
carboxyl groups, it is the CO groups in a citric acid molecule 
that interacts with the silica surface. Colloidal silica plays an 
important role in a sol-gel process through the adsorption onto 
the silica surface. As clearly mentioned above, our interpretation 
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Figure 1. Powder X-ray diffraction patterns of the Zn1.92Mn0.08SiO4 
synthesized at various temperature: (a) commercial, (b) 800 oC, (c) 
900 oC, (d) 1000 oC, and (e) 1200 oC.
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Figure 2. Powder X-ray diffraction patterns of the Zn1.92Mn0.08SiO4 
synthesized at 1000 oC as a function of silica contents : (a) commer-
cial, (b) colloidal silica no excess, (c) colloidal silica 10% excess, and
(d) colloidal silica 20% excess.
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Figure 3. SEM photographs of the Zn1.92Mn0.08SiO4 synthesized at 
various temperature: (a) 800 oC (× 50 K), (b) 900 oC (× 50 K), (c) 
1000 oC (× 50 K), and (d) 1200 oC (× 5k).
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Figure 4. SEM photographs of the Zn1.92Mn0.08SiO4 synthesized at 
1000 oC as a function of silica contents : (a) colloidal silica no excess, 
(b) colloidal silica 10% excess, and (c) colloidal silica 20% excess.

is based on the formation of pure single phase, Zn2SiO4 even 

at a very low temperature of 800 oC.
Figure 2 shows the X-ray diffraction patterns of Zn1.92Mn0.08 

SiO4 powders synthesized at 1000 oC as a function of Si con-
tents. As shown in Figure 2, the XRD patterns are agreed well 
with the standard Zn2SiO4 (JCPDS card no. 37-1485) regardless 
of Si contents within the resolution limits of X-ray diffracto-
meter.

We investigated the size and morphology of the Zn1.92Mn0.08 

SiO4 particles using SEM. Figure 3 shows the SEM photographs 
of the samples prepared at different temperature between 800 oC 
and 1200 oC. The mean sizes of particles prepared at 800 oC, 
900 oC, and 1000 oC are approximately 100 nm, 300 nm, and 
400 nm, respectively. The particles prepared at 900 oC exhibit 
only a weak edge-connection of grains with pseudo-spherical 
shape. With increasing synthetic temperature from 900 oC to 
1000 oC, the particles exhibit a more enhanced edge-connec-
tion of grains. Moreover, the particles prepared at 1200 oC are 
most severely agglomerated with irregular-faceted surfaces. 
Figure 4 shows the SEM images of Zn2SiO4 particle prepared 
as a function of Si contents. The SEM images reveal that the 

particles are more slightly agglomerated as Si content is in-
creased. Especially, the Zn1.92Mn0.08SiO4 particles are more agg-
lomerated in case of 20% excess of colloidal silica.

It is generally accepted that the green emission centered at 
520 nm is due to the presence of Mn2+ ions, which strongly de-
pends on the coordination in host lattice.2,15 Mn2+ has d 5 configu-
ration with high spin (S = 5/2). The emission band is assigned 
to transitions between the spin-orbit components of the 4T1 
excited state and the 6A1 ground state.2,15,17,18 Figure 5 shows the 
PL spectra of Zn1.92Mn0.08SiO4 prepared at different temperature 
between 800 oC and 1200 oC. All emission spectra were obtain-
ed under 254 nm excitation. The PL spectra show that the PL 
intensity of the Zn1.92Mn0.08SiO4 phosphor increases as the syn-
thetic temperature increases.19 It should be mentioned that the 
degree of the crystallization of Zn1.92Mn0.08SiO4 phosphor is 
increased as the synthetic temperature rises up. Moreover, the 
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Figure 5. PL emission spectra of the Zn1.92Mn0.08SiO4 synthesized at 
various temperature: (a) commercial, (b) 800 oC, (c) 900 oC, (d) 1000 
oC, and (e) 1200 oC.
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Figure 6. PL emission spectra of the Zn1.92Mn0.08SiO4 synthesized at 
1000 oC as a function of silica contents: (a) colloidal silica no excess, 
(b) colloidal silica 10% excess, and (c) colloidal silica 20% excess.

PL intensity of Zn1.92Mn0.08SiO4 prepared at 1200 oC is remark-
able compared to that of the commercial Zn2SiO4:Mn (Kasei 
company, Japan). Figure 6 indicates the variation of PL inten-
sity for Zn1.92Mn0.08SiO4 as a function of colloidal silica content. 
As shown Figure 6, the excess Si contents in Zn1.92Mn0.08SiO4 

phosphors do not induces a considerable change in PL inten-
sity, but a considerable modification in the agglomeration of 
particles.

As mentioned above, we use a colloidal silica (LUDOX 
AM-30, solid wt. 30%) instead of TEOS for the preparation of 
green-emitting Zn1.92Mn0.08SiO4 phosphors. The successful per-
formance of our work has been verified by means of XRD, SEM, 
and PL measurements on Zn1.92Mn0.08SiO4 phosphors prepared 
using a colloidal silica.

Conclusions

We have synthesized Mn-doped Zn2SiO4 phosphors by sol- 
gel method using colloidal silica. The adsorption characteristics 
of the citric acid molecules onto the silica surfaces enables us 
to use colloidal silica as a Si-source instead of TEOS which is 
generally utilized for the fine particle synthesis of the silicate 
based compounds. At a very low temperature (800 oC), we could 
obtain the single phase of Zn2SiO4, which is remarkable com-
pared to that of the solid state reaction (about 1300 oC). The 
mean size of particles prepared at 800 oC, 900 oC, and 1000 oC 
is 100 nm, 200 nm, and 400 nm, respectively. The PL intensity 
of Zn1.92Mn0.08SiO4 prepared at different temperature between 
800 oC and 1200 oC, increases as the synthetic temperature rises 
up. Moreover, the PL intensity of Zn1.92Mn0.08SiO4 prepared at 
1200 oC is remarkable compared to that of the commercial 
Zn2SiO4 : Mn (Kasei company, Japan). The PL intensity for 
Zn1.92Mn0.08SiO4 as a function of colloidal silica content, do 
not induces a considerable change in PL intensity, but a con-
siderable modification in the morphology of particles.

It might be said that colloidal silica is a promising chemical 
as a Si-source for the synthesis of fine particle of silicate com-
pounds, instead of TEOS. 

References

  1. Franz, K. A., Kehr, W. G., Siggel, A., Wieczoreck, J., Elvers, B., 
Hawkins, S., Schultz, G, Eds.; Ullmann’s Encyclopedia of Indu-
strial Chemistry, 5th ed.; Vol. A15, VCH Verlagsgesellschaft mbH: 
Weinheim, Germany, 1990; pp 529-530.

  2. Blasse, G.; Grambier, C. Lminescent Materials; Springer: Berlin, 
1994.

  3. Wang, H.; Ma, Y.; Yi, G.; Chen, D. Materials Chemistry and Phy-
sics 2003, 82, 414-418.

  4. Perkins, H. K.; Sienko, M. J. J. Chem. Phys. 1967, 46, 2398.
  5. Palumbo, D. T.; Brown, J. J., Jr. J. Electrochem. Soc. 1970, 117, 

1184.
  6. Chang, I. F.; Brownlow, J. W.; Sun, T. L.; Wilson, J. S. J. Electro-

chem. Soc. 1989, 136, 3532.
  7. Morimo, R.; Matae, K. Mater. Res. Bull. 1989, 24, 175.
  8. Su, K.; Tilley, T. D.; Sailor, J. J. Am. Chem. Soc. 1996, 118, 3459.
  9. Kang, Y. C.; Park, S. B. Mater. Res. Bull. 2000, 35, 1143.
10. Li, Q. H.; Komarneni, S.; Roy, R. J. Mater. Sci. 1995, 30, 2358.
11. Ahmadi, T.; Haase, M.; Weller, H. Mater. Res. Bull. 2000, 35, 1869.
12. Lu, S. W.; Copeland, T.; Lee, B. I.; Tong, W.; Wanger, B. K.; Park, 

W.; Zhang, F. J. Phys. Chem. Solids. 2001, 62, 177.
13. Yoon, C.; Kang, S. J. Mater. Res. 2002, 16, 1210.
14. Sautos, A. M. M.; Vasconcelos, W. L. J. Non-Cryst. Solids 2000, 

273, 145-148.
15. Perkins, H. K.; Sienko, M. J. J. Chem. Phys. 1967, 46, 2398-2401.
16. Iler, R. K. The Chemistry of Silica; New York: 1979; pp 654-660.
17. Leverenz, H. W. An Introduction to Luminescence of Solids; Dover: 

New York, 1968.
18. Ahmadi, T. S.; Haase, M.; Weller, H. Materials Research Bulletin 

2000, 35, 1869-1879.
19. Copeland, T. S.; Burt, I.; Lee, B. I.; Qi, J.; Elrod, A. K. Journal of 

Luminescence 2002, 97, 168-173.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


