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It is commonly attributed the higher activity of nanocrystallite to 
its terminal high-energy facets. However, we demonstrate that 
high activity of anatase TiO2 (001) facet in photocatalytic H2 
evolution is not due to its high intrinsic surface energy, but the 
local electronic effects created by surface features on the facet. 

 Tailoring surface of nanocrystallite with high-energy facets 
has recently attracted huge interests for a wide range 
applications as it in principle, leads to superior performance 
compared to that of enclosed by low-energy facets1-3. 
However, as dictated by thermodynamics, it has never been an 
easy task to prepare nanocrystallite with high percentage of 
surface terminated by active facets. These high-energy facets 
grow faster and their exposure will be reduced during growth, 
resulting an equilibrium shape terminated with low-energy 
facets.1 Accordingly, structure directing agents (SDA) that 
selectively anchor to metal atoms can effective lower the 
overall surface energy and thus slow down the growth rate of 
high-energy facet relative to others. This stabilization is 
attributed to the generation of electric dipole between SDA 
and the metal atom that accompanies the modification of 
metal electronic structure on a particular facet.3 As a result, 
great effort has been made during the past decades to 
engineer terminal facets of nanocrystallites with high surface 
energy by kinetic shape control using selective adhesion of 
SDA. 
 Taking one of the most studied anatase TiO2 as an 
example, the (001) facet (Scheme S1a) with intrinsically high 
surface energy (0.90 J m-2) has often been claimed to be 
catalytically more active than the (101) facet (0.44 J m-2) 
(Scheme S1b). However, it has been a challenge to 
experimentally prepare nanocrystallites with (001) facet at 

high coverage9,10 to proof this point until a breakthrough was 
achieved by Yang et al. in 2008, using fluoride as a SDA to 
stabilize the (001) facet (form Ti–F) and hence reverses the 
relative thermodynamic stability of the two facets.11 Since 
then, using fluoride as SDA to synthesize TiO2 nanocrystals 
with various (001) coverages (via tuning hydrogen fluoride (HF) 
concentration) for the evaluation of facet-activity has been 
well-documented in photocatalysis,12-23 methanol 
conversion,24 solar cell25,26 and lithium battery,27 etc. 

 In general, removal of SDA after the morphology control is 
necessary to avoid its interference to the interested facet 
properties, especially in the field of heterogeneous 
(photo)catalysis associating the redox bonds breakage and 
formation at the catalyst surface. From thermodynamic point 
of view, upon the SDA removal, the uncapped high-energy 
facet must have experienced surface relaxation to minimize 
the increased system energy. According to our previous 
studies4-8, the relaxation of high-energy facets may accompany 
with surface reconstruction to low-energy facets or/and the 
generation of surface features such as oxygen vacancy, 
hydroxyl group and cation/anion with various chemical states, 
mainly depending on post-treatments adopted for SDA 
removal.  
However, literatures concerning anatase TiO2 facet-dependent 
activity have often claimed to obtain a clean “Ti-O-Ti surface” 
of (001) facet (Scheme S1a) by a post-F removal via calcination 
at 600◦C11-18,24-26 or ion exchange with aqueous NaOH13,14,19-

23,28 regardless some additional surface features that might be 
generated and change their chemical states during the 
relaxation of (001) facets with the treated environments. As 
summarized and discussed in Table S1, nature of “facet” (i.e. 
difference in surface Ti5C density between clean facets) or 
“surface feature” (i.e. surface fluorine or hydroxyl group) have 
been often attributed to be the principal factor to influence 
TiO2 facet (photo)activity by different researchers even 
employing the same F removal method and catalytic reaction. 
To our point of view, the different interpretations even 
disagreements found among researchers could be attributed 
to the overlook of surface relaxation and the change of surface 
properties during post-treatments for later unambiguous 
correlation of facet activity. 
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 Herein, the surface features of TiO2 crystallites are 
unravelled and quantified by probe-NMR technique for the 
investigation of their roles in photocatalytic H2 activity. 
Surprisingly, the long-believed active (001) facet was found to 
play a negligible role in this reaction. Instead, the presence of 
SDA (i.e. fluorine) which can generate a local electronic effect 
significantly prolonging the excitons lifetime by the induced 
strong electric dipole (Fδ–←Tiδ+) at surface. 
 TiO2 morphologies with different degrees of (001) coverage 
were firstly synthesized using HF as SDA during hydrothermal 
synthesis.11,19 Samples prepared with the addition of 0, 2 and 6 
mL HF (50 wt%) show different shapes and are designated as 
0HF (Figure 1a), 2HF (Figure 1b) and 6HF (Figure 1c) with 
preferential exposed (101), (101)/(001) and (001) facets 
determined by subsurface TEM lattice spacing (Figure S1a-c) as 
often adopted in literature studying TiO2 facet activity (Table 
S2).11-28 XRD analysis confirms that the three as-prepared TiO2 
samples all show the anatase crystal structure with similar 
crystallinity (Figure S2a). XPS F1S signal in Figure S2b clearly 
increases with the HF added during hydrothermal synthesis in 
the order of 6HF > 2HF > 0HF. To involve quantitative 
correlation of facet activity, the coverage of exposed (101) and 
(001) facets in each sample was further estimated according to 
Wulff construction (Figure S3) adopted in previous 
literature.11,19,27 As summarized in Figure S2c, the increase in 
HF concentration indeed brings an increase in face length (AB) 
and a reduction in thickness (AE) corresponding well to the 
reports in literature.11 The area (coverage) of exposed (001) 
facet in each sample can be further calculated with 
corresponding Brunauer-Emmett-Teller (BET) surface area 
showing an increase from 12.6 m2/g (10.2%) for 0HF, 34.4 m2/g 
(21.1%) for 2HF and 62.6 m2/g (75.4%) for 6HF (Table S2). 

Figure 1. (a-c) TEM images of as-prepared (a) 0HF, (b) 2HF, and 
(c) 6HF. (d) Photocatalytic hydrogen production rate (blue bar) 
of various faceted TiO2 samples w/o NaOH wash and (e) their 
corresponding F concentration (red bar) determined by XPS 
atomic ratio and NMR (quantified by probe-31P NMR with 
signal at around 2 ppm, see below). 
 As stated, calcination treatment11-18,24-26 and NaOH 
wash13,14,19-23,28 are both often adopted for surface F removal 
before catalytic testing. The calcination removal of surface F is 
based on the hydrolysis of Ti-F into Ti-OH by H2O in the flowing 
air at high temperature, while the NaOH wash is carried out via 

a mild ion exchange (F- and OH-) in aqueous solution. However, 
from our characterization (Figures S4-S7) the calcination 
method is associated with the significant change of particle 
shape, size and hence (001) coverage. Also, the reconstruction 
of (001) facet to a more stable (1 × 4) (001) facet (Scheme S1c) 
during F removal at high temperature have been recently 
demonstrated by advanced TEM29 and NMR5 techniques. Even 
though XPS result (Figure S6a-c) suggests the surface F can be 
completely removed at high temperature, these factors have 
unfortunately been ignored by those studies11-18,24-26 during 
their correlation of TiO2 facet activity. In stark contrast, 
washing with NaOH doesn’t seem to lead to major change in 
morphology (Figure S4d-f), crystallinity (Figure S4g-i), 
crystallite size and surface area (Figure S5) but a small amount 
of F residue on surface (Figure S6a-c)28 that has been 
neglected in previous literature.13,14,19-23 
 Accordingly, NaOH washed samples (denoted with prefix 
Na-) with maintenance of particle morphology/crystallinity and 
the surface area of (001)/(101) facets are adopted herein for 
the unbiased interrogation of the key role of surface feature in 
photocatalysis. As shown in Figure 1d, the photocatalytic H2 
production rates of 0/2/6HF samples are found in the order of 
6HF > 2HF > 0HF, which can directly correlate with their 
surface F contents (Figure 1e). Surprisingly, when surface 
fluorine is partly removed but keeping (001) exposure constant 
through the NaOH wash, a significant decrease in H2 activity of 
both Na-2HF and Na-6HF but not for Na-0HF are observed. 
Noted that no common change of factor of a photocatalyst 
after NaOH wash such as surface area, crystallinity, bandgap 
and (001) coverage seems to meet this trend except the 
concentration of surface fluorine analysed by both XPS and 
NMR (Figure 1e) with the latter of higher sensitivity. This 
correlation can be supported by the fact that F-free 0HF, Na-
0HF and Na-2HF samples of similar total surface area (~140 
m2/g) all give H2 activity around 125 μmol h-1 g-1. The 0HF 
didn’t experience any major change in activity after the NaOH 
wash (i.e. Na-0HF), implying the surface hydrolysis of Ti-O-Ti to 
Ti-OH has a very minor effect in this reaction. Also, considering 
that Na-2HF has similar surface area as both 0HF and Na-0HF 
but has nearly tripled (001) exposure (34.4 m2/g vs. 12.6 m2/g, 
Table S2), the exposed (001) area should thus play a very 
minor role in the rate of H2 production. Although the H2 
production rate of Na-6HF is much lower than that of 6HF, it 
remains higher in comparison to Na-0HF and Na-2HF. This is 
due to a considerable amount of F on its surface (Figure 1e) 
rather than its highest (001) exposure (62.6 m2/g, Table S2). 

Figure 2. (a) Illustration on the change in surface function 
groups on TiO2 facet: (i) initial clean “Ti-O-Ti surface”, (ii) F-
attached “Ti-F surface”, (iii) hydrolyzed and F-replaced “Ti-OH 
surface” after NaOH wash. 
 As shown above, it is clearly that the concentration of 
surface fluorine rather than the long-believed (001) coverage 
plays the key role in photocatalytic H2 production. However, 
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the local electronic effect induced by surface fluorine to TiO2 
remains largely unknown. Figure 2 shows the anticipated 
change of surface functional groups among samples induced 
by HF addition and NaOH wash. The 0HF is supposed to expose 
clean (101) “Ti-O-Ti” facet (Figure 2(i)) while 2HF and 6HF 
expose different degrees of “F-attached” (001) facet (Figure 
2(ii)). The post NaOH wash (Figure 2(iii)) can hydrolyze Ti-O-Ti 
to Ti-OH (for Na-0HF) and replace some Ti-F by Ti-OH (for Na-
2HF and Na-6HF). To simplify the discussion, 0HF, 6HF and Na-
6HF were selected from each category to evaluate the 
electronic effect of fluorine and hydroxyl group imposed to 
TiO2 surface. Considering the electron negativity of fluorine 
and hydroxyl group, the expected electron density of Ti atom 
on the top surface layer of TiO2 is Ti-OH > Ti-O-Ti > Ti-F. 
However, no XPS chemical shift of both Ti2P and O1S (Figure S8) 
can be seen with the presence of surface F presumably due to 
the monitoring of core electrons of surface Ti and O makes XPS 
less sensitive to electronic effects from neighboring F atom(s). 
Also, XPS collects electrons from few atomic layers of the 
sample and is thus less sensitive to the electronic effect 
imposed by F to the top surface layer. Further attempt was 
carried out by Auger electron spectroscopy, which is believed 
to be more sensitive to the chemical environment compared 
to the core-level signals in XPS.  Unfortunately, no 
distinguishable shift of Ti LMM and O KL1 Auger signals can be 
observed among samples (Figure S9). This suggests that the 
change of chemical state of surface Ti is still diluted from 
subsurface Ti sites due to the long electron escape depth of 
both techniques. This might explain why literature has often 
assumed no catalytic effect of fluorine when correlating TiO2 
facet activity in the past decade.11-28 

Figure 3. (a) TMP-assisted 31P NMR spectra of 0HF and 6HF 
w/o NaOH wash (orange area: interaction between TMP and 
acidic proton induced by F*; green area: interaction between 
TMP and surface unsaturated Ti). (b) The calculated adsorption 
energies (Ead) of TMP to Ti5c on (001) and (101) facets with 
surface -F, -O- and -OH group. 
 Very recently, we have developed an advanced technique 
for the surface investigation of faceted metal oxide using 
probe molecule (i.e. trimethylphosphine, TMP) assisted solid-
state 31P NMR.4 It was shown that the 31P chemical shift (δ31P) 
of the TMP-metal adduct can differentiate the surface metal 
cations between various chemical states at high resolution 
through Lewis acid-base interaction (δ31P: -20 ~ -60 ppm, 

green area in Figure 3a). Metal cation with strong acid strength 
can generate stronger bond with TMP and thus pushes δ31P to 
downfield (shift to positive ppm). On the other hand, the 
interaction between TMP and acidic hydroxyl proton will give a 
signal at δ31P around -2 ppm (orange area in Figure 3a).  Figure 
3a shows TMP-31P NMR results of 0HF and 6HF samples w/o 
NaOH wash. The evolution of signal at -2 ppm of 6HF (blue 
line) suggests the generation of acidic proton due to the 
stabilization of hydrogen by surface F while no such signal can 
be observed for F-free 0HF (black line). In addition, a 
significant negative shift from -22 ppm for 6HF to -36 ppm for 
F-free 0HF indicates the electron density of surface Ti5C is 
largely decreased with the presence of F. Noted that for 6HF 
sample the electronic effect imposed by F is sensitized by TMP 
on the secondary Ti5C (cf. primary Ti5C for 0HF). The electron 
density of its primary Ti5C (can not be probed by TMP) of 
strongly polarized Ti-F is thus expected much lower. In stark 
contrast, the electronic effect induced by hydrolysis (NaOH 
wash) on clean surface is very minor that only a tiny δ31P shift 
from -36 ppm (for 0HF, black line) to -41 ppm (for Na-0HF, red 
line) can be observed. This results can be further supported by 
Na-6HF sample (green line) that NaOH wash has largely 
decreased the signal intensity at -2 ppm and also re-
distributed δ31P between -20 ~ -60 ppm due to the co-
presence of residue Ti-F and Ti-OH on surface. 

Figure 4. Schematic illustration of TMP adsorbed Ti5c on (001) 
facet (i) without F and promoted with (ii) 1F, (iii) 2F, (iv) 3F 
atoms (P: orange; C: light grey; H: white; F: cyan). 
 As seen from the calculated adsorption energies (Ead) of 
TMP to Ti5C on functionalized (001) and (101) facets (Figure 
3b), the presence of F surface can largely enhance the TMP 
adsorption energy to surface Ti5C by surface polarization on 
both facets (cf. Ti-O-Ti and Ti-OH) whereas only 0.05 eV 
difference between facets when they are both hydroxylated.
 On the other hand, the increasing calculated Ead of TMP 
probe on surface Ti5C at higher F coverage on (001) surface 
(Figure 4) can further reflect the progressive enhancement in 
local surface polarization effect. This may explain why the 
catalytic activity of the (001) facet observed experimentally 
should be closely associated with surface attached F that 
polarize the exposed surface Ti, while hydroxylated (101) and 
(001) surfaces exhibit similar activity (i.e. 0HF, Na-0HF and Na-
2HF in Figure 1d). 
 When excited photogenerated holes and electrons in this 
semiconductor oxide are generated during photocatalysis, the 
holes and electrons can be polarized immediately by such local 
electric field induced by the surface F. Since water/methanol 
adsorption on catalyst’ surface is not the rate-determining 
step in H2 production due to the solvation of catalysts, the key 
factor should be relevant to the change of physiochemical 
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properties on TiO2 surface imposed by SDA. The role of surface 
F in photocatalytic H2 evolution was then investigated by time-
resolved photoluminescence (TRPL), as the better local exciton 
separation at surface could benefit to the photocatalytic 
activity. It should be noted that all faceted TiO2 samples were 
hydrothermally prepared at 180°C with similar crystallinity and 
both -F and -OH were attached onto the particles’ top surface 
where the reaction is taken place. Accordingly, the exciton 
lifetime should closely associate with the element introduced 
onto the particles’ top surface layer. It is clear from the TPRL 
plots (Figure S10) and corresponding fitting results (Table S4) 
that both f1 and f2 components and corresponding averaged 
lifetime (τavg.) increase along with the concentration of surface 
fluorine from 0HF to 2HF to 6HF. The role of fluorine in 
prolonging exciton lifetime can be further supported by the 
decrease of f2 component (4.55 ns to 3.60 ns) and averaged 
lifetime (3.96 ns to 2.55 ns) observed when 6HF sample was 
further washed with NaOH. The increased f1 component of 
Na-6HF is unclear presumably due to the co-existence of 
abundant Ti-F and Ti-OH on surface. Clearly, fluorine in the 
strongly polarized Fδ–←Tiδ+ bond (the only bond stronger than 
Ti-O bond11) reduces the recombination rate of 
photogenerated electrons and holes by acting as a surface 
electron-trapping site to trap the photogenerated electrons 
due to its strongest electronegativity,3 and hence increases 
photoactivity. We believe the effect of fluorine imposed on the 
surface exciton lifetime should be more pronounced than the 
observed lifetime in Table S4 considering TPRL is a technique 
collecting signal from both surface and bulk. 
 The deposition of Pt nanoparticles by UV-assisted wet 
impregnation onto TiO2 surfaces as co-catalyst has been widely 
adopted during the evaluation of TiO2 facet-dependent H2 
activity. A recent calculation showed that the H2 production 
rate is highly associated with Pt loading and its size on TiO2,30 
however, the surface F effect on the loading of photo-reduced 
Pt nanoparticles has often been overlooked by those studies 
when investigating facet activity. As shown in Figure S11 and 
S12, both the loading and size of Pt nanoparticles highly 
associate with the concentration of surface fluorine rather 
than the exposed facet due to the facilitated photo-deposition 
by the extended exciton lifetime. The influence of surface 
fluorine in photoreaction is again proved to play a more 
important role than the high-energy (001) facet. 
 In conclusion, our results clearly suggest that the higher 
surface energy of (001) facet than (101) facet does not seem to 
play a dictating role in affecting photocatalytic H2 production 
rate from water as that claimed in literature. We attribute the 
dominate rate altering effect to the local electronic 
modification imposed by surface F as stabilizer, which 
unfortunately cannot be easily removed from (001) TiO2 
without facet reconstruction or/and the generation of surface 
features. Our results also suggest that the reactivity of 
hydroxylated (001) and (101) facets are similar to each other 
despite the fact that the clean (001) facet is reported in higher 
energy than the latter. 
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