1. Experimental section
1.1 Materials synthesis
Synthesis of hierarchically mesoporous titanium phosphonate spheres (HM-TiPPh). In a
typical run, 1.2 mmol cetyltrimethylammonium bromide (CTAB) was first completely dissolved in
a mixed solution of water and ethanol with volume ratio of 10:1, which was followed by adding 4.8
mmol 1-hydroxy ethylidene-1,1-diphosphonic acid (HEDP) under vigorous stirring. The pH value
of the mixed solution was adjusted to nearly neutral by ammonia. After stirring for 1 h, 2.5 g 35 wt%
poly(acrylic acid) (PAA) and a certain amount of ammonia (25 wt% aqueous solution) was slowly
added into the mixed solution. Then, the emulsion was transferred into a cryosel bath, followed by
dropwise addition of 7.2 mmol TiCl4 very slowly. After further stirring for 2 h, a homogeneous
mixture was gained and then transferred into a Teflon-lined stainless autoclave, which was aged at
110 ºC for 48 h under autogenous pressure. After naturally cooling to room temperature, the
resultant gel was washed with water and ethanol alternatively and dried at 80 ºC. The removal of
template molecules was achieved by extracting the as-synthesized specimen in ethanol with
concentrated HCl for 36 h. The final product was marked as HM-TiPPh.
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cetyltrimethylammonium bromide (CTAB) was first dissolved in a mixed solution of water and
ethanol with volume ratio of 10:1, which was followed by dropwise addition of 4.8 mmol
1-hydroxy ethylidene-1,1-diphosphonic acid (HEDP) under vigorous stirring. After stirring for 1 h,
ammonia (25 wt% aqueous solution) was slowly added into the mixed solution. Then, the emulsion
was transferred into a cryosel bath, followed by dropwise addition of 7.2 mmol TiCl4 very slowly.
After further stirring for 2 h, a homogeneous mixture was gained and then transferred into a
Teflon-lined stainless autoclave, which was aged at 110 ºC for 48 h under autogenous pressure.
After naturally cooling to room temperature, the resultant gel was washed with water and ethanol
alternatively and dried at 80 ºC. The removal of template molecules was achieved by extracting the
as-synthesized specimen in ethanol with concentrated HCl for 36 h. The final product was marked
as M-TiPPh.
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solution of water and ethanol with volume ratio of 10:1. After stirring for 1 h, 2.5 g 35 wt%
poly(acrylic acid) (PAA) and a certain amount of ammonia (25 wt% aqueous solution) was slowly
added into the mixed solution. Then, the emulsion was transferred into a cryosel bath, followed by
dropwise addition of 7.2 mmol TiCl4 very slowly. After further stirring for 2 h, a homogeneous
mixture was gained and then transferred into a Teflon-lined stainless autoclave, which was aged at
110 ºC for 48 h under autogenous pressure. After naturally cooling to room temperature, the
resultant gel was washed with water and ethanol alternatively and dried at 80 ºC. The removal of
template molecules was achieved by extracting the as-synthesized specimen in ethanol with
concentrated HCl for 36 h.

1.2 Physicochemical characterization.
Transmission electron microscopy (TEM) images were obtained on a Philips CM200 microscope at
an acceleration voltage of 200 kV. Scanning electron microscopy (SEM) images were recorded on the
FEI Quanta 450 at high vacuum with an accelerating voltage of 10 kV. X-ray diffraction (XRD)
patterns were recorded on a Rigaku Miniflex powder diffractometer at 40 kV and 15 mA using Co-Kα
radiation. UV/Vis diffuse reflectance spectra were collected on a Shimadzu UV2600
spectrophotometer with BaSO4 used as the reflectance standard. Fourier transform infrared (FT-IR)
spectra were obtained on a Nicolet 6700 spectrometer in the spectrogram range of 400 to 4000 cm‒1.
X-ray photoelectron spectra (XPS) were collected with the use of a Thermo Escalab 250 spectrometer
equipped with an Al-Kα X-ray source (1486.6 eV). N2 physical sorption measurements were carried
out on a Tristar II Micromeritics adsorption analyzer at ‒196 ºC. All the specimens were first
degassed at 120 ºC for 12 h before the adsorption-desorption measurements. Pore size distributions
were calculated using the adsorption branch of the isotherms by Barrett-Joyner-Halenda (BJH)
method, and the surface areas were determined by the Brunauer-Emmett-Teller (BET) method.
Solid-state
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P magic angle spinning nuclear magnetic resonance (MAS NMR)

measurements were conducted on a Varian Unity plus-400 spectrometer at spinning rates of 6 and
12 kHz and resonance frequencies of 100.5 and 161.9 MHz with recycle time of 3 and 5 s,
respectively. The chemical compositions of Ti and P for the titanium phosphonate materials were
analyzed with the use of inductively coupled plasma (ICP) emission spectroscopy on a Thermo
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Jarrell-Ash ICP-9000 spectrometer. Room temperature photoluminescence spectra were recorded on
a Hitachi F-4500 FL fluorescence spectrophotometer. Thermogravimetric analysis (TG) was
performed using a Mettler-Toledo TGA/DSC 2 instrument at a heating rate of 5 °C min−1 in an air
flow with α-Al2O3 as the reference. The chemical compositions of Ti and P were analyzed by
inductively coupled plasma (ICP) emission spectroscopy on a Thermo Jarrell-Ash ICP-9000 (N +
M) spectrometer. The optical band gap (Eg) of a semiconductor can be estimated according to the
Tauc plot [αhv = A(hv − Eg)], i.e., the curve of transformed (αhv)r vs. hv from the UV-vis diffuse
reflectance spectrum, where α, h, v, and A denote the absorption coefficient, Planck constant, light
frequency, and the constant, respectively. The optical band gap value is determined via measuring
the x-axis intercept of the extrapolated line from the linear range of the Tauc curve.

1.3 Photocatalytic hydrogen evolution activity evaluation.
Photocatalytic activity towards hydrogen evolution was evaluated by the amount of hydrogen. All
the photocatalytic measurements were conducted in a Pyrex reaction vessel that was connected to
an evacuation system and a closed gas circulation. Generally, 0.1 g of photocatalyst powder was
suspended in a mixed solution of 90 ml distilled water and 10 ml triethanolamine (TEOA), wherein
TEOA performed as sacrificial agent to scavenge the photogenerated holes, while Pt cocatalysts
were loaded onto the catalyst surface from H2PtCl6 aqueous solution though an in situ
photodeposition strategy. Herein TEOA was utilized to evaluate the photoactivity since the diffusion
of TEOA is far more important in defining the photocatalytic activity in comparison with protons
that are fast in water. The suspension was purged with an argon flux for 30 min prior to irritation to
remove the air and ensure the anaerobic condition. The photocatalytic reactions were initiated with
the use of a Xe arc lamp equipped with different optical filters or reflectors, and the temperature of
the reaction systems was kept around the room temperature by a flowing of cooling during the test.
The amount of generated hydrogen was determined by a Varian CP-3800 on-line gas
chromatography with a thermal conductivity detector, a sieve 5Å column, and argon carrier.

1.4 (Photo)Electrochemical measurements.
The photoelectrochemical/electrochemical measurements were performed using an electrochemical
analyzer (CHI 760D Instruments) in a standard three-electrode mode with Pt wire and Ag/AgCl (4
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M KCl) as the counter electrode and reference electrode, respectively, and 0.5 M Na2SO4 purged
with nitrogen as the electrolyte. All the measured potentials vs. Ag/AgCl were converted to a
reversible hydrogen electrode (RHE) scale on the basis of the Nernst equation, i.e., ERHE = EAg/Ag/Cl +
0.059 × pH + 0.205. As to the preparation of working electrodes, 10 mg of powdery photocatalyst
was dispersed into a mixed solution containing a trace mount of ethanol and distilled water and an
aliquot amount of poly(ethylene glycol) and naphthol via sonication for 30 min under ambient
condition. 35 µl of the catalyst slurry was then spread onto a fluorine-doped tin oxide glass (FTO)
electrode, and the resultant electrodes were used after air drying. Electrochemical impedance
spectroscopy (EIS) measurements were conducted in a frequency range from 10–1 to 105 Hz by
applying an alternating current amplitude of 5 mV. The polarization curves were also recorded
through the aforementioned three-electrode system with the bias swept from –0.4 to –1.0 V at a
scan rate of 5 mV s–1.
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2. Supplementary figures
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Figure S1. (a) SEM and (b) TEM images of the HM-TiPPh material. (c,d) EDS elemental mapping
images of Ti and P elements. The electronic imaging shows the well-structures nanoshperes
featuring well-order mesostructure as well as large secondary porosity. The homogeneous
dispersion of Ti and P elements throughout the spheres confirms the uniform distribution of
inorganic components and organic groups inside the hybrid network.
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Figure S2. High- and low-resolution TEM images of the M-TiPPh material. The TEM images
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demonstrate the particular characteristic of the M-TiPPh hybrid synthesized in the absence of PPA,
reflecting that the interaction between anionic PAA and cationic CTA could form the colloid
complexes to direct the generation of spheres. The pore size is observed to be approximately 3 nm
according to the high-resolution TEM image, similar to that of HM-TiPPh. Furthermore, interstitial
pores with larger size cannot be observed in the M-TiPPh sample.
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Figure S3. N2 adsorption-desorption isotherm of M-TiPPh (Inset: the corresponding pore size
distribution curve). The sorption isotherm is of type IV with no visible hysteresis loops, signifying
reversible capillary condensation–evaporation in the mesopores. One narrow peak around 3.1 nm
was observed in the pore size distribution curve, accompanying with a specific surface area of 322
m2 g–1 and a pore volume of 0.293 cm3 g–1. Different from the case of HM-TiPPh, secondary large
pores cannot be detected in M-TiPPh, revealing the indispensable role of anionic supermolecular
polymers in creating interstitial pores.
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Figure S4. FT-IR spectrum of HM-TiPPh and the pristine organophosphonic acid. The broad band
at 3432 cm–1 together with a sharp vibration peak at 1641 cm–1 correspond to hydroxyl groups and
surface-adsorbed water. It can be found that the absorption peak at 930 cm−1 assigned to P−OH
cannot be detected on HM-TiPPh, thus signifying the extensive condensation between Ti4+ ions and
P−OH functional groups to afford stable Ti−O−P bridges. The sharp band at 1065 cm–1 relates to P–
O–Ti stretching vibrations. Additionally, two small bands at 2923 and 2855 cm−1 (inset) attributed
to the C–H stretching modes and the band at 1446 cm–1 assigned to the P–C stretching vibration can
be seen for HM-TiPPh, indicating the incorporation of phosphonic groups into the hybrid.

(b)

O 1s

Intensity (a.u.)

P-O-Ti

-OH

534

531

528

525

Binding energy (eV)

Figure S5. (a) Survey scan and (b) high-resolution XPS spectrum of HM-TiPPh. The XPS survey
spectrum indicates that HM-TiPPh consists of Ti, P, C and O elements. The fitting of O 1s core level
reveals the existence of two oxygen species, namely, the P–O–Ti linkages at 529.4 eV and the
surface hydroxyl situated at 531.5 eV.
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Figure S6. (a) Ti 2p and (b) O 1s core level in pristine TiO2. (c) Wide-angle XRD pattern and (d)
FT-IR spectra of TiO2. Inset of panel (c) shows the corresponding TEM image. Two sharp peaks of
Ti 2p1/2 and Ti 2p3/2 located at 464.6 and 458.8 eV, respectively, suggesting a normal state of Ti4+.
One strong signal centered at 530.2 eV in the high-resolution O 1s spectrum can be assigned to Ti–
O–Ti, while the shoulder peak at around 531.5 eV corresponds to the surface hydroxyl species. A
series of diffraction peaks in the XRD pattern can be attributed to TiO2 anatase phase. From the
highresolution TEM image, interplanar spacing of about 0.35 nm can be observed, which is
assignable to lattice spacing of the (101) crystallite planes of anatase-TiO2. In addition, the IR
vibration band at 465 cm-1 is usually assigned to the octahedral metal ion stretching vibrations of
the TiO2 units, which is typical for all vibration types of the metallic ions in the crystal lattice. The
band at 3445 cm–1 corresponds to the stretching vibration of H–O, resulting in a large number of
OH-ion have been existed in the raw materials. The IR bands at 1632 cm–1 can be related to the
bending vibrations of H–O–H bending mode of molecularly adsorbed water on the titania surface.

8

100

H2O desorption

Weight (%)

90
Phosphonate decomposition

80
70
60

200

400

600

800

1000

o

Temperature ( C)
Figure S7. TG curve of the HM-TiPPh hybrid. The thermal stability of the synthesized HM-TiPPh
was evaluated by thermal gravimetric (TG) analysis. The initial weight loss from room temperature
to 205 ºC can be associated with the desorption of the physically adsorbed and intercalated water,
and the continuous weight loss in the temperature range of 205–710 ºC is due to the decomposition
of organophosphonate species and coke combustion, indicating that the hybrid framework of
HM-TiPPh can remain stable up to 205 ºC.
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Figure S8. Photcatalytic activity of HM-TiPPh after long-term storage, under visible light. No
noticeable activity attenuation towards photocatalytic hydrogen production can be observed,
indicating the superior stability of this new hybrid semiconductor system.
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Figure S9. (a) Small-angle XRD pattern, (b) N2 adsorption-desorption isotherm, (c) FT-IR
spectrum and (d) TEM image of HM-TiPPh before and after four consecutive photocatalytic tests,
showing no obvious variation of structure and composition and thus suggesting the robust stability
of the metal phosphonate hybrid network in photocatalytic reactions.
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Figure S10. EIS Nyquist plots of the titanium phosphonate materials. It can be found that the plots
are composed of a semicircle in the high-frequency region and Warburg-type lines at low frequency
range. The efficient charge transfer and diffusion process play important roles in expediting
photocatalytic reactions. The HM-TiPPh sample after ball-milling treatment with inferior porosity
displays larger semi-circle diameter than HM-TiPPh and M-TiPPh, while the Warburg-type line of
HM-TiPPh is much shorter than the other two control samples, which implies the fast diffusion and
transfer in the hierarchically porous structures of HM-TiPPh.
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Figure S11. LSV polarization curves of HM-TiPPh, M-TiPPh, and TiO2. The detected cathodic
currents from –0.4 to –1.0 V correspond to the reduction of water to evolve hydrogen. However,
due to the semiconductor nature of the metal phosphonate materials, limited charge transfer in the
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working electrode using conductive glass (as shown by the EIS spectrum, Figure S10), relatively
poor conductivity for the neutral electrolyte, the HM-TiPPh could deliver a weak current signal
around 0 V versus RHE. Noticeably, the current output gradually increases after scanning to higher
bias. In the case of HM-TiPPh, the lower overpotential and much more pronounced current signal in
comparison with the control photocatalysts (i.e., M-TiPPh and TiO2) suggest the promoted reaction
kinetics in evolving hydrogen, revealing the positive roles of hierarchical porosity and
homogeneous incorporation of carbon and phosphorus in the MOF framework in promoting
hydrogen evolution performance.
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Figure S12. (a) TEM image and (b) N2 adsorption-desorption isotherm of the HM-TiPPh material
after ball milling. Inset of (b) shows the corresponding pore size distribution curve. It can be found
that the spherical morphology and the well-defined mesoporosity is destroyed by the mechanical
ball-milling treatment, leading to a low surface area of 212 m2 g-1.
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Figure S13. (a) Photocatalytic hydrogen evolution under visible light illumination and (b) LSV
polarization curves with the use of titanium phosphonate materials and titania. Of note is that
HM-TiPPh with poor structural and textual property after ball milling still outperforms titania in
terms of hydrogen production rate, indicating the significance of introducing organic components in
boosting apparent photocatalytic performance. Nonetheless, the lower photocatalytic hydrogen
evolution performance and weaker current signal for the sample after ball-milling treatment than
HM-TiPPh reveals the indispensable role of hierarchical mesostructures during efficient
photocatalytic reactions.
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3. Supplementary table
Table S1. A detailed comparison of the state-of-the-art photocatalysts towards photocatalytic
hydrogen evolution.
H2 evolution
Photocatalyst

Incident light

Reactant solution

rate

Ref.

(µmol h-1 g-1)
300 W Xe-lamp
HM-TiPPh

This
TEOA/H2O

λ > 400 nm

945
work

S-doped TiO2

AM 1.5

CH3OH/H2O

258

S1

Ti3+ self-doped TiO2

λ > 400 nm

CH3OH/H2O

181

S2

Sub-10 nm rutile TiO2

λ > 400 nm

CH3OH/H2O

932

S3

CdS/Au/ZnO

300 W Xe-lamp

Na2S/Na2SO3

608

S4

Lactic acid

626

S5

Lactic acid

601

S6

Na2S/Na2SO3

583

S7

CH3OH/H2O

670

S8

CH3CH2OH/H2O

824

S9

In2S3/MoS2/CdS
Au/CdS
Au@CdS/TNF
5%wt-CuOx/TiO2
Nanodiamond-embeded
Cu2O nanocrystals

300 W Xe-lamp
λ ≥ 420 nm
300 W Xe-lamp
λ ≥ 420 nm
300 W Xe-lamp
λ ≥ 420 nm
PLSSXE300
420 nm < λ < 760
nm

Black Nb2O5 nanorods

300 W Xe lamp

CH3OH/H2O

275

S10

MoSx/g-C3N4

λ = 420 nm

Lactic acid

273

S11

Black phosphorus
nanosheets

300 W Xe-lamp
λ ≥ 420 nm
300 W Xe-lamp
λ ≥ 380 nm
300 W Xe-lamp
λ ≥ 420 nm
300 W Xe-lamp
λ > 420 nm
300 W Xe-lamp
320 nm ≤ λ ≤ 780
nm

Na2S/Na2SO3

512

S12

Acetonitrile/H2O/TEOA

257

S13

TEOA/MeCN

588

S14

Lactic acid

1100

S15

H2O/TEOA

1123

S16

Pt@UiO-66-NH2
Pt/NH2-MIL-125
CdS/MIL-101(5)
g-C3N4/NH2-MIL-125(Ti)
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