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Assessment of other materials properties (surface area, conductivity, magnetism).  

Brunaeur–Emmett–Teller (BET) surface areas were calculated from N2-sorption experiments 

using a Micromeritics ASAP2010 Accelerated Surface Area and Porosimetry System.  Prior to 

analysis, the ferrites were outgassed under vacuum at 150°C for at least 24 h.  The conductivity 

of the ferrite materials was estimated from two-point resistance measurements in which the 

ferrite powders were pressed into 7.3-mm circular discs that were sandwiched between two flat 

Pt surfaces for electrical resistance readings (Fluke 179 True RMS multimeter).  Field-cooled 

and zero-field cooled magnetization data were obtained in a 100 Oe field (Magnetic Property 

Measurement System (MPMS) SQUID magnetometer) for temperatures between 300K and 

10 K.  The magnetization of the samples was also studied as a function of the applied magnetic 

field (hysteresis loops) at 10 K and 300K.   

 
 

                                                 
* Corresponding authors: Fax 202-767-3321; E-mail addresses: jeffrey.long@nrl.navy.mil, rolison@nrl.navy.mil. 
§ Contract research scientist with Nova Research, Inc.; 1900 Elkin Street, Suite 230; Alexandria, VA  22308. 

Supplementary Material (ESI) for Energy & Environmental Science
This journal is © Royal Society of Chemistry 2011



 2

Supplemental Tables 
 
 
 
 

Spinel         
Ferrite 

Electronic 
Conductivity 

(S cm-1) a 

Surface   
Area   

(m2 g-1) b  

Saturization 
Magnetization 

(emu g-1) c  

XRD 
Particle Size   

(nm)d 

TEM 
Particle Size   

(nm)e 

Fe3-xO4 10-8 55 59 ± 3 15–18 20 ± 10  

Mo-ferrite 10-8 152 11 ± 3 21–27  N/A 

 
a Rough estimates derived from two-point conductivity measurements. 

 b BET-determined averages.  Measurements are within ± 5%. 
 c SQUID determined averages at 300 K.  Both saturization magnetization values are significantly lower 

than literature values reported for bulk Fe3O4 (92 emu g-1)SR1 and γ-Fe2O3 (74 emu g-1)SR2,SR3.  
 d Scherrer analysis results from (220), (311), (400), (511), and (440) peaks. 
 e Approximately 210 particles were measured for the Fe3-xO4 size distribution.  The unique morphology of 

Mo-ferrite precludes a facile TEM determination of crystallite size; however, the scroll-like formations 
range in length from 26–70 nm with an average width of 5(± 3) nm.      

 
 
Supplemental Table S1.  Physical properties of Fe3-xO4 and Mo-ferrite. 
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Supplemental Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental Fig. S1.   Electron diffraction (ED) indexing of the nanocrystalline structure.  (a) 
ED patterns of Mo-ferrite and Fe3-xO4 acquired by transmission electron microscopy.  (b) Lattice 
(hkl) and d-spacing assignments determined for the ring labels in (a). 
 
 
 
 
 
 
 
 

Mo-ferrite indexing Fe3-xO4 indexing 

(hkl) d spacing (Å) (hkl) d spacing (Å) 

    (111) 4.85 

    (220) 2.87 
(311) 2.49 (311) 2.47 
(400) 2.13 (400) 2.05 

    (422) 1.67 
(511) 1.60 (511) 1.58 
(440) 1.45 (440) 1.44 

    (533) 1.24 

Fe3-xO4 Mo-ferrite a 

b 
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Supplemental Fig. S2.   High-resolution X-ray photoelectron spectroscopy 
(XPS) of the Mo 3d region of Mo-ferrite.  The background subtracted data 
(―) and fit (– – –) are shown.  χ2

red = 1.446. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplemental Fig. S3.  High-resolution X-ray photoelectron spectroscopy 
(XPS) of the Fe 2p region.  Background subtracted XPS spectra are shown for 
Fe3-xO4 (– – –) and Mo-ferrite (―).   
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Supplemental Fig. S4.  Linear combination of k3(χ) for Fe3-xO4.  The experimental data (—), fit 
data (----), and the amorphous FeOOH (----) and Fe3O4 (—) components of the fit are shown.  
χ2

red = 0.752. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental Fig. S5.  Linear combination of k3(χ) for Mo-ferrite.  The experimental data (—), 
fit data (----), and the amorphous FeOOH (----) and Fe3O4 (—) components of the fit are shown.  
χ2

red = 0.251. 
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Supplemental Fig. S6.  Charge–discharge plot of cycle #10 in Fig. 7b (working electrode 
contains Mo-ferrite) redrawn here to highlight the hysteresis.  Electrolyte is 1 M 
LiClO4/propylene carbonate and the applied current is 20 mA g-1.       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental References 
                                                 
SR1 M. Zhang, Q. Zhang, T. Itoh and M. Abe, IEEE Trans. Magn., 1994, 30, 4692. 
SR2 D. E. Speliotis, J. Appl. Phys., 1967, 38, 1207. 
SR3 A. E. Berkowitz, W. J. Schuele and P. J. Flanders, J. Appl. Phys., 1968, 39, 1261. 

Capacity (mAh/g)

0 30 60 90

Po
te

nt
ia

l (
V 

vs
 L

i/L
i+ )

2.0

2.5

3.0

3.5

4.0 Discharge
Charge

Supplementary Material (ESI) for Energy & Environmental Science
This journal is © Royal Society of Chemistry 2011



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /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 false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
    /MyriadPro-Regular
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


