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Experimental Section

Synthesis: All chemicals in preparing hollow particles were of analytical grade without any purification
and readily available. The BaZrO3 samples were prepared by concentrated alkali-assisted hydrothermal
method according to our previous work.®" In a typical procedure, the stoichiometric amount of
ZrOCl,-8H,0 and Ba(NO3), were dissolved in KOH solution to form a suspension. After stirring, the
final mixtures were transferred into a Teflon-lined stainless-steel autoclave and heated at 200 °C for 24
h in an electric oven. The white powdery products were centrifuged, washed with distilled water, diluted
acetic acid and absolute ethanol for several times. Then, the samples were obtained after being dried in
vacuum. The hydrothermal obtained white powder samples were calcined at 600 °C, 800 °C and
1000 °C for 6 h in a muffle furnace. For comparison, the reference BaZrO; samples were prepared
through the Pechini-type process.*?

Characterization: Powder X-ray diffraction patterns were recorded on a Bruker D8 Advance X-ray
diffractometer with Cu-Ko radiation (A = 1.5418 A). The morphology and crystal lattice of samples
were characterized by transmission electron microscopy (TEM, JEOL, JEM-2100, with an accelerating
voltage of 100 kV), high-resolution transmission electron microscopy (HRTEM, JEOL, JEM-2100, with
an accelerating voltage of 200 kV), respectively. Shell thickness and size distributions were evaluated
by the TEM images of each sample to obtain statistically significant results. XPS measurements were
conducted on a Kratos Axis Ultra DLD spectrometer using a monochromated Al Ko radiation. BET
surface areas were determined by physical adsorption of nitrogen at -196 °C in a NOVA 2200e
instrument, and samples were degassed at 300 °C for 4 h before experiments. The UV—vis absorption
spectra were recorded on a Shimadzu UV-2450 spectrometer. The photoluminescence (PL) spectra were
recorded on a QM-4-CW (Photo technology international, Int. USA/CAN).

Photocatalytic reaction: Photocatalytic water splitting was performed in a gas-closed circulation system
with a top window Pyrex cell, using 300-W Xe lamp as light source (wavelength 200-1100 nm). The
effective area for cell is 40.7 cm®. Gas produced was analyzed by an online thermal conductivity

detector (TCD) gas chromatograph (NaX zeolite column, nitrogen as a carrier gas). In all experiments,
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150 mL of deionized water containing 0.05 g of catalyst and the mixed sacrificial agent of 0.25 M
Na,S03/0.35 M Na,S (scavenging the photogenerated holes) were added into reaction cell. The whole
system was vacuumed several times before reactions to remove dissolved air. Temperature for all
photocatalytic reactions was kept at 15+5 °C. For the photocatalytic degradation of MO, 50 mg of
photocatalyst was dispersed into 100 mL of 10 mg-L™' MO aqueous solution in a home-made reactor
with a cooling water jacket outside. Prior to light illumination, the suspension was strongly magnetically
stirred for 120 mins in the dark for adsorption/desorption equilibrium between the photocatalytic and
dyes. During the irradiation, about 4 mL of the suspensions was continually taken from the reaction cell
at given time intervals, and then centrifuged to remove the photocatalyst particles. After centrifugation,
the UV/Vis spectrum of the supernatant was recorded to monitor the absorption behavior. The

characteristic absorption peak of MO at 464 nm was used to determine the extent of its degradation.
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Fig. S1 TEM images of the (A) BZO-mc, (B) BZO-600, (C) BZO-800 and (D) BZO-1000. After calcination, a slight

increase in the percentage of the cracked shells was observed.
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Fig. S2 Large-area HRTEM images of the (A) BZO-mc and (B) BZO-1000. The disordered areas in (A) BZO-mc were

marked with white dotted boxes.
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Fig. S3 High-resolution Ba 3d and Zr 3d XPS spectra XPS spectra of the (A, C) BZO-mc, (B, D) BZO-1000. No obvious
change was observed in the composition of these samples after calcination as demonstrated by their high-resolution Ba 3d

and Zr 3d XPS spectra.
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Fig. S4 (A) Elongated XRD patterns of the typical BZO-mc, BZO-600, BZO-800 and BZO-1000 XRD peaks. The

intensity of all the peaks increased simultaneously with the elevated temperature.
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Fig. S5 XRD patterns of the sample BZO-1200. Impurities ZrO, will form in the BaZrO; samples when heated at
1200 °C. In principle, the H, production rate can be further increased by calcinating the BaZrO; mesocrystal hollow
nanospheres at an even higher temperature. However, impurities ZrO, will form in the BaZrO; samples when heated at
1200 °C or higher. BaZrO; hollow nanospheres and these impurity components may form heterojunction structures to

enhance their photocatalytic activity, which is however not within the scope of this study.
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Fig. S6 Particle size distribution of the (A) BZO-mc, (B) BZ0O-600, (C) BZO-800 and (D) BZO-1000.
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Fig. S7 Shell thickness distribution of the (A) BZO-mc, (B) BZO-600, (C) BZO-800 and (D) BZO-1000.
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Fig. S8 Nitrogen adsorption—desorption isotherms of the (A) BZO-mc, (B) BZO-600, (C) BZO-800 and (D)
BZO0-1000. The specific surface area of BZO-mc is 71.812 m*g"'. After calcination, the specific surface area of these

samples slightly decreased from 66.308 via 59.938 m>.g”' to 57.344 m’.g"' with increased calcination temperature.
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Table S1. Comparison of the photocatalytic hydrogen evolution with different sacrificial electron donors.

None sacrificial

Sampl reagent Methanol Ethanol Triethanolamine Na,S/Na,SO3
" [mmofh'lg'l] [mmol-h"g"]  [mmolhg”] [mmol-h'g"] [mmol-h'g"]
BZO-ref 0.021 0.064 0.059 0.109 0.152

Na,S/Na,SOj; pair was the best sacrificial electron donor to give a very high H, evolution rate as compared with none
sacrificial reagent and other sacrificial electron donors, including methanol, ethanol and triethanolamine. The reason
for why the none sacrificial reagent BZO-ref photocatalytic hydrogen evolution difference from the reference (S2) was
that the Xe lamp light sourse we used is not the same as the 400 W high-pressure Hg-lamp in reference (S2).

The S* could seize the holes effectively and produce Szz', which was in turn renewed to S* by SO32'. The reaction

mechanism in the presence of S*/SO;” as sacrificial reagent is described by equations 1~6:

photocatalyst + hv — h" + ¢ (1)
2¢ +2H,0 — H, + 20H ()
SO;* +20H + 2h" — SO, + 2H" 3)
287 +2h" — S, 4)
S,% +805% — S,05% + 8% (5)
SO;* +S* +2h"— S,05% (6)

Table S2. Photocatalytic hydrogen evolution of BaZrO3 hollow nanospheres.

Sample Calcination Shell thickness Evolutionl ralte Nomalizled 1ratezza
[°C] [nm] [mmol-h"'g ] [umol-h" g m™]
BZO-mc - 8-16 0.568 7.910
BZ0O-600 600 7-16 0.658 9.923
BZ0O-800 800 8-16 0.732 12.212
BZ0O-1000 1000 8-16 0.833 15.526

a The normalized H, evolution rates vs surface areas

Table S3. Comparison of the XRD peak ratio of (110)/(111) for the samples BZO-mc, 600, 800 and 1000.

Peak ratio BZO-mc BZ0-600 BZ0-800 BZ0O-1000

(110)/(111) 13.15 13.50 13.36 13.55

The XRD peak ratio of (110)/(111) for the samples BZO-mc, 600, 800 and 1000 remained almost unchanged,
excluding the effect of specific crystals facets on the photocatalytic activity.
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Fig. S9 Time course of photocatalytic H, production over used BZO-1000. The reaction was conducted under solar
light irradiation (1.5 times in intensity) in aqueous solution containing Na,S and Na,SO; as sacrificial reagents. The
reaction system is pumped to remove the H, inside every 12 hours for starting another circle of catalytic reaction.
There was a slight loss of the H, production in the second circle because of the continuous consumption of the
sacrificial reagents of Na,S/Na,SO;. However, the H, production rate of BZO-1000 hollow nanospheres after the
fourth run (48 h) could still retain ca. 92.8% of that of fresh sample. These results reveal the excellent chemical
stability and anti-photocorrosion capability of the BZO-1000 hollow nanospheres in the current photocatalytic system.

It is the excellent thermal and chemical stability of the BaZrO; hollow nanospheres that supply us a flat form to

investigate the direct connection between the crystallinity and photocatalytic activity.
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Fig. S10 Typical reaction time course of H, production of the BZO-mc, BZO-600, BZO-800 BZO-1000 and reference
BaZrO; bulk sample respectively. For the comparison under the same evalution condition, we prepared the reference
BaZrO; bulk sample according to the Pechini-type process based on reference (S2). The results indicated the

photocatalytic activity of BZO-1000 is five times higher than that of the reference BaZrO; bulk sample.
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Fig. S11 UV-vis absorption spectra of the BZO-mc, BZO-600, BZO-800 and BZO-1000. The broad band (250~500 nm)
may originated from the surface defects of BaZrO 3.5% After the calcinations process, the broad band (250~500 nm)

absorption of BaZrO; decreased obviously, indicating high temperature will remove the surface defects.®”
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Fig. S12 Normalized XPS O1ls spectra of the BZO-mc, BZO-600, BZO-800 and BZO-1000 respectively. The

peak at 529.1 eV is associated with the oxygen atoms in the lattice. The peak at 531.1 eV is attributed to the O ions in the

oxygen-deficient regions, the intensity of which reveals the concentration of oxygen defects in the matrix of BaZr0;.5557
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Fig. S13 Pore size distribution of the BZO-mc, BZO-600, BZO-800 and BZO-1000 respectively.
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Fig. S14 Photoluminescence spectra under 254 nm excitation of the BZO-mc, BZO-600, BZO-800 and BZO-1000
respectively. The PL spectra band from 375 to 425 nm were the bandgap emissions and the band from 470 to 750 nm

were associated with the defect-related emissions. It is clear that the relative intensity of the samples decreased with the

calcinations temperature. This observation unambiguously revealed the effect of the crystallinity on the charge

separation.
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Fig. S15 (A) Fluorescent intensity comparison between the BZO-mc and mashed BZO-mc samples (254 nm excitation).

(B) The TEM image of the mashed BZO-mc samples. (C) Typical reaction time course of H, production of the
BZ0O-mc and Mashed BZO-mc. In order to exclude the effect of broken shells, we prepared a control sample by
mashing the original BZO-mc sample without heat treatment. The PL spectra and the band gap emission (375-425 nm)
of the two samples exhibited no obvious change. More importantly, the photocatalytic activity was also not changed

obviously (Fig. S15c¢). Therefore, a tiny amount of broken spheres will not significantly change the photocatalytic

properties.

16



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2014

REFERENCES

(S1) Z. H. Dong, T. N. Ye, Y. N. Zhao, J. G Yu, F. Q. Wang, L. L. Zhang, X. B. Wang, and S. K. Guo, J. Mater. Chem.,
2011, 21, 5978.

(S2) Y. P. Yuan, X. L. Zhang, L. F. Liu, X. J. Jiang, J. Lv, Z. S. Li and Z. G. Zou, Int. J. Hydrogen. Energ., 2008, 33,
5941.

(S3) W. Chen, Z. G. Wang, Z.J. Lin and L. Y. Lin, J. Appl. Phys., 1997, 82, 3111.
(S4) J. Koomen, Solid State Eletron., 1971, 14, 571.
(S5) W. P. Sun, M. F. Liu and W. Liu, Adv. Energy Mater., 2013, 3. 1041.

(S6) Y. D. Zhu, M. Y. Li, H. Zhou, Z. Q. Hu, X. L. Liu, X. L. Fang, B. Sebo, G. J. Fang and X. Z. Zhao, J. Phys. D:
Appl. Phys., 2012, 45, 375303.

(S7) A. Younis, D. Chu and S. Li, J. Phys. D: Appl. Phys., 2012, 45,355101.

17




<<

  /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 1.6

  /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 true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Remove

  /UsePrologue false

  /ColorSettingsFile (Color Management Off)

  /AlwaysEmbed [ true

  ]

  /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 (None)

  /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 <>

    /ENG ()

    /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.)

  >>

>> setdistillerparams

<<

  /HWResolution [600 600]

  /PageSize [595.276 779.528]

>> setpagedevice



