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Introduction

Titanium dioxide is by far the most studied semiconductor material in photo catalysis, reported in thousands of original papers and reviewed many times [i, ii, iii]. One of the most promising applications is photo catalytic hydrogen evolution reaction (PHER) using the 2 energy of solar light. As bare titania has low PHER activity, a co-catalyst is usually added, in order to accelerate hydrogen release. PHER using methanol or water -methanol-mixtures and TiO2 has been studied with a wide range of co-catalysts, the noble metals (Pt, Pd, Au) appearing the most active [iv]. Great effort had been devoted to the engineering of optimal PHER catalysts containing titania and noble or non-noble metals [v, vi].

The overall PHER process is complex, its rate depending on many elementary steps, from light absorption to the release of hydrogen molecules. The rates of these steps depend on the crystallites size [vii, viii], exposed crystallographic facets [ix], particles morphology [x], energy levels matching, lattice defectness [xi] and many other properties. Charge mobility and charge transfer between semiconductor and co-catalyst phases play an important role.

If two or more semiconductors are present in a photocatalytic system, then exchange of photo generated charge carries becomes possible between the conduction bands (for electrons) and valence bands (for holes) of the corresponding solids, provided that the energy bands alignment allows it. It has been shown that combinations of semiconductors such as CdS/TiO2 lead to an enhanced rate of photocatalytic processes [xii].

Heterojunctions (solid state boundaries between different semiconductors) are supposed to improve charge separation and lead to enhanced PHER activity [xiii]. Among these, interactions between titania anatase (A), rutile (R) and somewhat less common brookite (B) are intensely studied. The reasons of apparent non-additivity between the catalytic properties in the mixttures of different TiO2 polymorphs of is still actively debated [xiv, xv, xvi]. Mixed phase A-R [xvii,xviii] or R-B [xix] systems with enhanced activity have been reported.

The mismatch between short lifetimes of bulk free charge carriers and slow kinetics of the interfacial transfer and surface chemical reactions was deemed to be one of the main obstacles to design efficient PHER systems [xx, xxi] . The characteristic times of charges separation and free carriers lifetimes are at the femtosecond to nanosecond scale [xxii, xxiii, xxiv]. The trapped holes react very quickly, during nanoseconds [xxv] whereas trapped electrons may survive for much longer times. In the illuminated TiO2 long-live trapped electrons are formed [xxvi, xxvii]. Electron accumulation is induced by photo generated electron trapping within the TiO2 lattice, where it is apparently located at a metal ion (Ti 3+ species) combined with an oxygen vacancy [xxviii, xxix, xxx, xxxi]. The catalytic role of such trapped states has been previously demonstrated [xxxii]. Accumulated electrons were used for electron transfer, to carry out organics hydrogenation [xxxiii] or nitrogen fixation [xxxiv]. Note however that beside increasing lifetimes of the charge carriers, the trapped states can act as recombination centers [xxxv].

If in the solid-solid TiO2 polymorphs heterojunctions the directionality of charge separation seems well established, less is known on the interactions of accumulated electrons stored on particles of different polymorphs in the liquid phase. Such interactions might obviously strongly differ from the solid-solid grain boundaries. As an example of exchange of active species between different polymorphs in liquid phase, Z-scheme water splitting was implemented by iodine/iodate pair between platinum-loaded A and bare R [xxxvi]. However, for the direct transfer of such active species between the particles of different polymorphs, neither the directionality nor the potential impact on PHER was ever clearly demonstrated.

Here we provide an experimental evidence of accumulated electrons transfer between the particles of different bare and Pt-loaded TiO2 polymorphs in water-methanol slurry, which strongly modify the observed PHER rates.

Experimental

Preparation of catalysts

Commercial PC500 anatase TiO2 and mixed 75 % A 25% R Degussa P25 were used as received. Pure R nanorods were obtained by modified procedure reported earlier [xxxvii]. In brief, first hydrous titania was prepared by means of TiOCl2 precipitation with an excess of aqueous ammonia. Then the precipitate was washed with distilled water to neutral pH and the absence of qualitative reaction for chloride anion. Next, the precipitate was peptized overnight with HClO4 at pH=0. Then hydrothermal reaction was carried out in the presence of ammonium sulfate which plays the role of structure and morphology -directing additive. To remove surface impurities of chloride and sulfate ions, the R nanorods were purified by ion exchange with 1M NH4NO3 at pH = 2, followed by calcination in air flow at 350 °C for 2h.

Pure Brookite (B) phase was prepared by hydrothermal treatment of hydrous titania at pH 12-13 as described elsewhere [xxxviii]. In brief, washed hydrous titania obtained from precipitation of TiOCl2 with ammoniac, was treated by NaOH to adjust equilibrium pH to 12.

Then the mixture was hydrothermally treated at 200 °C for 48 h, washed and cleaned by ion exchange as described for rutile, but at pH = 10. Then the material was heated in air flow at 350 °C.

Pt/TiO2 catalysts were prepared by incipient wetness impregnation of TiO2 with aqueous solution of Pt(NH3)4(NO3)2 (Sigma-Aldrich), followed by drying at 80 °C overnight, calcination in 50 mL/min air flow at 300 °C for 2h and then reduction in H2 50 mL/ flow at 300 °C for 2h (heating rate 2 °C/min). Pt loading was measured by inductively coupled plasma -optical emission spectroscopy (Activa, Horiba Jobin Yvon) after the samples were dissolved in an acid mixture at 300 °C. The target Pt loading was 0.5 wt% Pt. The actual loadings are close to the target value within the range 0.02 wt% (Table 1).

Characterizations

Transmission electron microscopy (TEM) was carried out on a JEOL 2010 device with an accelerating voltage 200 keV. The samples were dispersed in ethanol by ultrasound and put onto a lacey carbon on a copper grid. Low-temperature nitrogen adsorption was measured on a Micromeritics ASAP 2010 instrument. Specific surface area was determined using BET equation. Prior to measurements, the samples were heated in a secondary vacuum at 300 °C for 4h. The X-ray diffraction (XRD) patterns were obtained on a Bruker D8 Advance diffractometer with Cu-Kα emission and identified using standard JCPDS files. The metal content in the solids was determined, after dissolution in a HNO3/H2SO4 mixture, by plasmacoupled atomic emission spectroscopy (ICP-ES Activa Jobin Yvon). Hydrodynamic size distribution was measured using Dynamic Light Scattering (DLS) on a Wyatt Nanostar device. Aqueous suspensions containing about 0.2 g/L of solids were applied for the DLS measurements. Size distribution was obtained from averaging 10 series of 100 single measurements 2 s each. Autocorrelation function was cut below 1.5 and above 1500 nm.

Zeta-potential (ZP) was determined from electrophoretic mobility in aqueous suspensions on a CAD Zetacompact device. Weighted amounts of about 100 mg of were ultrasonically dispersed in 200 ml of 10 -2 M KCl solution. The pH values were adjusted with either HClO4 or KOH 0.1 M solutions. Electrophoretic migration rate was converted to zeta potential by the Helmholtz-Smoluchowski equation. To improve the accuracy at the pH near IEP, ZP was measured in several points outside the stationary position the curves of ZP vs. focal position were built.

Reflectance UV-visible spectra were collected and converted to Kubelka Munk function using a Perkin-Elmer Lambda 35 scanning spectrometer equipped with an integrating sphere over the spectral range 200-1000 nm. Pure BaSO4 was used as a reference. The band gap energies were determined by Shapiro [xxxix] and Tauc [xl] methods using Kubelka Munk function.

Catalytic tests.

A calculated volume of water-methanol slurry containing from 0.6 to 90 mg of catalyst was added to 30 ml of water-methanol reaction mixture containing 1% vol. of water, in a batch slurry photoreactor. A 125 W high-pressure mercury lamp was applied with the window of 21 cm 2 area. A quartz optical window and a Pyrex window cutting light below 300 nm were positioned between the lamp and the reaction mixture. The photoreactor had gas inlet and outlet used to purge the system with argon before the reaction and to sample the gases during the reaction. The gases were analyzed with Agilent 3000A micro gas chromatograph. The catalyst concentration in the slurry varied from 0.02 to 2.5 g L -1 . Before irradiation, the solution was stirred for 10 min and the reactor was purged with Ar flow. The PHER rate and methanol conversion were calculated from the integration of GC peaks during the reaction period of 3 h. To check the stability, the experiments were repeated for several times with the same reaction mixture, after refreshing methanol and Ar purge. The methanol conversion in all the experiments was below 0.1 %. No CO2, CO or other secondary methanol oxidation products were detected in agreement with the literature findings [xli, xlii], demonstrating that the primary reaction is dehydrogenation to formaldehyde described by the equation (1).

CH3OH → CH2O + H2

(1)

The apparent photonic efficiency (PE) was calculated by dividing the amount of released H2 by the integrated absorbable photon flux [xliii]:

=
where rH2 is the hydrogen formation rate and is the absorbable photon flux. In liquidphase conditions, the UV lamp is polychromatic (Fig. S1), with the flux of absorbable photons is = 1370 µmol/h.

Results and Discussion

3.1. Characterizations of bare TiO2 and Pt/TiO2 materials.

Titania polymorphs purity was attested by powder XRD (Fig. 1). Pure phases with no extraneous peaks of other polymorphs were obtained. Analysis of XRD peaks width using Scherer equation gives crystallite size of 6.5 nm for A (PC500), 119 nm for B and 41 nm for R. This difference of size is confirmed by TEM observation (Fig S2). The properties of commercial PC500 anatase have been extensively studied previously [xliv]. This solid consists of agglomerated primary nanoparticles of 5-10 nm size (Fig. S2a). Homemade B particles show shuttle-like morphology with size mostly between 200 and 300 nm (Fig S2b).

Hydrothermally prepared R contains single crystalline nanorods oriented along [110] direction with narrow size distribution (width: 20-30 nm, length: 200-300 nm) (Fig. S2c,d).

Phase purity has been confirmed by Raman spectroscopy. All Raman peaks in the corresponding spectra are attributed to A [xlv, xlvi], R [xlvii] and B [xlviii] single phases (Fig. S3). For PC500 TiO2 anatase at neutral pH, DLS showed the presence of agglomerates of 200-300 nm size and greater (Fig. S4). Agglomerate size depends on the slurry concentration and on the pH [xlix]. Detailed investigation of such effects is beyond the scope of this work. Rutile nanorods demonstrate hydrodynamic size corresponding to the largest dimension of the acicular individual particles (200-300 nm). Brookite has the largest individual particle size, but the particles are less agglomerated. As a result the observed DLS size for three polymorphs is comparable (Fig. S4, Table 1).

The suspensions were characterized by Zeta potential measurements. (5.8±0.3) ≈ R (5.7±0.3) > B (4.3±0.3), in a general agreement with our previous results [36].

Earlier, on the basis of valence bond principle the PZC values anatase and rutile were predicted by Hiemstra et al. to be close to 6 [l]. Since a Zeta potential of at least 20-30 mV is usually necessary to stabilize colloidal suspensions by electrostatic repulsion, at neutral pH applied for the catalytic tests, all TiO2 suspensions are prone to agglomerate. Indeed, all water-methanol suspensions fully decanted upon storage, after several hours for A and B and after two days for R. As the curves of Zeta potential vs. pH are similar, at neutral pH applied for the PHER experiments, the particles of all polymorphs should bear a slightly negative charge, i.e. there is presumably no specific attraction in the mixtures of A, R and B.

The specific surface areas (Ssp) of three TiO2 polymorphs change in the sequence A > R > B, in agreement with the XRD crystallite size (Table 1). After supporting Pt, no significant modifications of Ssp were observed as the treatment conditions are soft and the amount of introduced Pt is low (Table 1). 20) 19(4) 0.49(1) a values measure in the first 15 min after sonication; b from chemical analysis UV-visible spectra (Fig. 2) show the energy gap (Eg) sequence A > B > R, with Eg of 3.26(5) eV for anatase, 3.18(5) for brookite and 3.06(5) eV for rutile (Fig. S6, Table 1), in agreement with the literature [li]. Addition of platinum does not significantly modify the apparent Eg but adds a small absorption in the visible region [lii, liii].

TEM study of Pt-loaded materials reveals the presence of highly dispersed metal particles.

Size histograms of Pt particles show a significant size variance between 1 and 4 nm (Fig. S7).

Platinum dispersion changes in the sequence Pt/A > Pt/B > Pt/R (Table S1). It seems that Pt tends to from raft like particles on rutile (Fig. 2a), whereas on anatase and brookite isotropic particles are observed. Fine details of the Pt morphology and dispersion are beyond the scope of this work. TEM observation after the PHER tests (vide infra) shows that the Pt particles always remain supported on the polymorph onto which they have been initially supported by impregnation, i.e. no Pt scrambling was ever detected (Fig. 2). Post mortem TEM analysis of the catalysts always shows that A, R and B agglomerates are preserved as they were in the individual suspensions before test (Fig. 2). Overall, three pure TiO2 polymorphs were obtained and metallic Pt was supported onto these materials in a highly dispersed state. The properties of the oxides and the supported catalysts under study are typical for such Pt/TiO2 systems, widely reported in the literature.

Catalytic activity

Activity of bare TiO2 polymorphs and individual Pt/TiO2 samples

Bare titanias show low PHER activity (Table 2). The color of the initial bare TiO2 suspensions was white. After UV irradiation, the color of suspensions changed to gray-blue for bare anatase and rutile suspensions. No appreciable color change was observed for brookite. When the irradiation was stopped, the blue coloration persisted in the closed reactor.

Upon opening to air, blue coloration disappeared in few seconds for anatase, but rutile remained blue for a longer time (hours). The color change upon UV irradiation was observed to "accumulated" or "stored" electrons previously and attributed to Ti 3+ ions generated due to electrons accumulation, occurring simultaneously with holes consumption by methanol. Such sites may be exposed at the surface or to be localized in the bulk, which might explain their different stability in air. Earlier studies using operando EPR of frozen suspensions or photoacoustic technique confirmed the presence of Ti 3+ [liv, lv, lvi].

Platinum is a well-known co-catalyst which increases PHER rate by two orders of magnitude, whatever the polymorph (Table 2). For the purposes of this study, activity of bare polymorphs can be considered negligible as compared with the Pt-loaded catalysts. PHER activities of three Pt -loaded catalysts vs. slurry concentration are depicted in Fig. 3. The PHER activity changes in the sequence: Pt/A > Pt/R > Pt/B in the whole range of slurry concentrations studied (Fig. 3). The activity difference between polymorphs has been widely studied and attributed to many factors, such as the electrons mobility and lifetime in the solid, or the energy bands positions more or less favorable to the H2 formation [lvii, lviii]. The differences between polymorphs depend on the properties of specific samples, on the conditions and on the target reaction, but anatase often gives more active catalysts than rutile and brookite [lix, lx]. Detailed study of the differences between individual Pt/A, Pt/B and Pt/R catalysts is beyond the scope of this study.

The Pt/A sample is slightly more active than benchmark 0.5%wt. Pt/P25 catalyst (Table 2). Degussa P25 is not systematically studied here as it contains A and R phases mixture, not relevant for the goals of this work. However its activity is given in the SI, as it is an often studied reference. According to the literature reports [lxi], the PHER rate increases with Pt loading up to 0.1-0.2 % Pt wt. and then it has a plateau, where the PHER rate slowly changes with loading, up to the value of several wt.%, when it begins to decrease. The PHER rate vs.

Pt loading was not studied in this work. The unique mass loading of 0.5 %wt. Pt/TiO2 was applied for the impregnated samples, for which the PHER rate is supposed to be close to its maximal value. Note however, that when the 0.5% Pt/TiO2 samples were further mixed with bare TiO2, the formal Pt loading in the resulting composite catalysts varied in a wide range, from 0.005% to 0.5 wt. %. In all experiments, the rate of hydrogen release was constant in time and no deactivation of the catalysts was observed for several repetitive 3 h tests (Fig S8). The overall amount of H2 formed in one test was always lesser than 0.25 mmol. The corresponding methanol conversions are lesser than 0.03%, therefore pseudo zero order kinetics by methanol can be safely applied in all instances.

The literature values for similar Pt/TiO2 systems are strongly scattered, probably due to the variations of the experimental setup and details of preparation. In this study we obtain the PHER rates at the level of usual values reported so far for Pt/TiO2 catalysts [5, lxii, lxiii, lxiv, lxv]. The PHER rate for Pt/R is lower than for Pt/A and the PHER activity of Pt/B is the lowest, perhaps because of much lower specific surface area of this phase (Fig. 3, Table S2). 

Mixtures of bare TiO2 and Pt/TiO2.

The main point of this work is non-additivity effect of PHER rate in the mixed suspensions of TiO2 and Pt/TiO2 particles of different polymorphs. Such effects exist probably due to the transfer of accumulated (stored) electrons between suspended particles, as discussed in the present section.

Note that when discussing further the "transfer of accumulated electrons" we make an obvious shortcut, because this work does not clarify in any way neither the structure of these species nor the precise mechanisms of their transfer. The "stored electrons" may have different physical nature, from bulk defects to surface adsorbed states involving Ti(III) ions.

By the same token, the term "transfer" by no means implies a direct CB-to-CB transfer between TiO2 phases, but probably involves a more complex exchange phenomenon. Herein a phenomenological description of the effects in the mixtures is provided, with minimal assumptions on chemistry and physics involved at the atomic level.

The PHER activity of Pt/TiO2 has much higher value than for any bare TiO2 (Table 2).

Therefore, if transfer of photo generated electrons in the suspension from one polymorph to another has a pronounced directionality and a sufficient intensity, then we should observe either an increase or a decrease of the PHER rate in the mixtures, depending on whether the transfer is directed toward a Pt-loaded TiO2 or outward from it. Namely, transfer of stored electrons from a bare TiO2 polymorph towards a Pt -loaded one should increase the PHER rate. Inversely, if the flow of accumulated electrons is directed from the Pt/TiO2 particles towards a bare TiO2, then the overall PHER rate should decrease. Both increase and symmetric decrease of PHER rate in different mixtures is equally important for a proper demonstration of the effect. 

Release of H2 in the dark after Pt/TiO2 injection onto pre-illuminated TiO2

The experiments with the mixtures described in the previous sections strongly suggest the existence of a preferential transfer of stored electrons between the polymorphs. However, more direct and compelling evidence could be obtained from the experiments in which the stored electrons are first generated by illumination in bare TiO2 and then they are released as H2 in the dark, after addition of Pt/TiO2.

In Fig. 5 are shown the curves of hydrogen release from three bare polymorphs illuminated for 90 min, to which a smaller amount of Pt/TiO2 suspension (1:10 wt.) was added immediately after the moment when illumination was stopped. Bare A shows a rapid outburst of H2 production, of 42 μmol/g. Illumination of bare R under the same conditions followed by addition of Pt/A leads to a lesser H2 production (near 7 μmol/g) at a significantly slower rate.

For brookite, the amount of released H2 was negligible (Fig. 5). A mere observation of H2 release after addition of Pt/TiO2 to pre-irradiated bare TiO2 proves that stored electrons are transferred from TiO2 to Pt/TiO2. However it cannot be considered as compelling evidence of stored electrons transfer directionality between the TiO2 polymorphs.

Indeed, some of Pt particles located at the surface of added Pt/TiO2 can form contacts (albeit scant) with the surface of bare polymorph and cause the H2 release. Therefore not only the fact of H2 release is important but its relative rate and amount. The rates and the amounts of H2 release were therefore compared for different combinations of TiO2 -based solids and for the mixtures of TiO2 with reference 0.5% Pt/Al2O3 (Fig. 6). It suggests that transfer of stored electrons from A to Pt/R is by an order of magnitude faster than the reverse process (Fig. 6). Addition of Pt/Al2O3 to both pre-illuminated A and R leads to some H2 release. However, for the same amount of Pt added, injection of Pt/Al2O3 slurry to the pre-illuminated A or R leads to an order of magnitude lesser H2 release than addition of Pt/R (Fig. 6). It allows concluding that accumulated electrons in the Pt/TiO2 -TiO2 mixtures are mostly transferred due to the contacts between the TiO2 particles. Here we demonstrate that exchange of stored electrons between TiO2 particles has a pronounced directionality that plays an important role in the overall PHER activity.

Mixing of

The amounts of electrons that each sample is capable to store (42 µmol/g for A and 7 µmol/g for R) are in general agreement with the values reported in the literature determined from chemical reactivity and lying in the range from units to few tens of µmol/g (e.g. ~10 µmol/g [lxix]; ~50 µmol/g [55] ~10 µmol/g [lxx]; ~7 µmol/g [lxxi]). The intrinsic properties of such species should obviously depend on the polymorph and on the crystalline face exposed.

However the absolute amount of stored electrons revealed by the H2 release experiments (which obviously affects the rate of H2 release), changes in step with the specific surface area of three samples, A >R > B, thus suggesting that surface species are involved.

Mechanistic considerations.

In this section we present a simple phenomenological model that gives a coherent quantitative description of the observed PHER rate variations. Interaction between Pt/A and R is arbitrarily taken as an example. Other combinations of polymorphs could be described by essentially the same equations with different rate constants. The model contains several simplifications and assumptions. In order to focus on the observed effects of polymorphs mixing, only the mechanistic rate steps are considered that involve the accumulated electrons.

The concentrations of all stable chemical species (methanol, water) are supposed to be constant and hence do not explicitly participate in the differential rate equations but are encapsulated in the respective rate constants. Photo generated holes are supposed to be shortlive and to be rapidly consumed by excess of methanol, so their transfer between the polymorphs is not considered. Complex mechanisms of surface chemical reactions of protons reduction and methanol oxidation which follow Langmuir-Hinshelwood type kinetics [lxxii, lxxiii] are not considered here. Indeed, conversions in all experiments are low (< 0.01%) so the concentrations of organic reaction products are considered to be negligible. In all the experiments the rate of H2 production was stable in time, which allows applying steady state approximation to the reaction kinetics.

In the dark, the initial "ground state" particles i.e. non-excited by light platinum-bearing anatase (PtA) and bare rutile (R) particles are loaded in the slurry respectively at the concentrations [PtA]0 and [R]0. The particles can be excited by light to the states bearing an electron-hole pair, PtA * and R * respectively. These excited states have short lifetime and rapidly recombine, but in the presence of alcohol the holes are consumed and long-live electron -bearing particles are produced, PtA -and R -. These states can in turn be deactivated back to the ground state without producing hydrogen via recombination with (novel generations of) holes, reaction with residual oxygen or other processes. The equilibria between ground state and electron-bearing species are described by reversible equations (1,

2). The interaction between ground-state and electron -bearing particles may lead to the transfer of accumulated electron, as expressed by the equation ( 3).

The electron -bearing particles of both types PtA -and R -are capable of reducing protons and so producing hydrogen. However as observed in the experiment, PHER rate on any bare TiO2 is by two orders of magnitude lower than on any Pt/TiO2. Therefore only Pt-bearing particles are considered as hydrogen producers, for simplicity. Production of hydrogen consumes the accumulated electrons and irreversibly returns the particles to the ground state, according to the equation ( 4). The surface chemical HER mechanistic steps (dissociation of organic substrate, recombination of H atoms, etc.) with their complex kinetics are lumped here into one final step (4) with an effective constant k4.

⇔

⇔

(2)

+ ⇔ + (3) → (4)
The rate constants k1-k4 and (for the reversible processes 1-3) the equilibrium constants K1-K3 correspond to the mechanistic stages (1-4). The well-known two -electron character of the hydrogen release reaction is not revealed by the equations 1-4 as here we suppose pseudo-first order of the reaction rate by the amount of stored electrons and zero order by all other species present in a large excess (assumption always valid at sufficiently low conversions). The experimentally observed H2 release rate rPHER is constant, so the steady state equation is:

/ = = (5)
Or, equivalently,

d[PtA -]/dt = 0 (6)
Applying the steady state approximation to the system of differential equations corresponding to the steps (1-4) we reduce them to algebraic relationships and obtain the eq. ( 7):

! " # ! " = $ % & $ #' ( # $ #% & $ ' ( & $ ) (7) 
If low relative concentration of PtA -and R -is assumed (most part of TiO2 is in the ground state), then the ground state concentrations are approximately equal to the initial values and we obtain:

! " # ! " * = $ % & $ #' ( # $ #% & $ ' ( * & $ ) (8) 
From eq. 8 the rate expressions for two limiting cases of low and high [PtA]0/[R]0 can be immediately seen. Indeed, if [PtA]0 >> [R]0 and k4 is small (hydrogen release is the rateliming step), then expectedly:

rPHER = k4K1[PtA]0 (9)
as it obviously should be for pure PtA.

On the other hand, at a sufficiently large

[R]0, k3[R]0 >> {k-1, k4} and k-3[R -] >> k1, therefore rPHER = k4[PtA]0 $ #' ( # $ ' ( * = k4[PtA]0K3 -1 ( # ( * (10) 
The physical meaning of the equation ( 9) is that at high excess of R particles relative to PtA ones, the PHER rate is controlled by excitation of R by light and by the equilibrium of stored electrons transfer between R to PtA. If R is in a large excess then the flow of electrons transfer from R -to PtA is negligible as compared with the flow of R own excitation and decay, and therefore R is in equilibrium with R -, i.e. approximately [R -] = k2[R]0. Supposing again k4 to be relatively small, we obtain the equation ( 11), depending on the rate constant k4 and the equilibrium constants K2 and K3:

rHER = k4K2K3 -1 [PtA]0, (11) 
The last equation means that hydrogen is formed mostly due to the accumulated electrons, which are first generated by light on the (present in a large excess) bare R phase and then transferred to the active sites on PtA. Again, as in eq. ( 10) the dependence of PHER rate on

[PtA]0 is linear, but with a different proportionality coefficient. Note that in the eq. ( 11) the rPHER does not explicitly depend on the amount of added R, but the last is supposed to be large enough to define the resulting amount of accumulated electrons available for the reaction. In agreement with these equations, asymptotic PHER rate behavior is observed in the experiment vs. the relative amount of R.

In the most general case when the values of the constants and the amounts of [PtA]0 and [R]0 are comparable, the PHER rate as a function of the amount of added [R]0 has no simple analytic expression and should be obtained numerically. However, physically relevant and instructive is the case of a relatively rapid stored electrons exchange as compared with other steps (i.e. the electrons are supposed to be long-live and travel relatively long distances, before being consumed to form H2). In such case the step 3 is at equilibrium and

[R -] = K3 ! " # ( ! " ≈ , - ! " # ( * ! " * (12) 
After substitution the expression ( 12) for [R -] in (7), some trivial algebraic transformations and normalization, the equation ( 7) can be reduced to a linear rational function, expressing the dependence of the relative PHER rate on the relative amount of added bare TiO2, [R]0 : 

Conclusions

In summary, strong positive or negative non-additivity of PHER rate observed upon mixing of Pt-loaded and bare TiO2 polymorphs in the methanol slurries suggests existence of directional transfer of stored electrons. Hydrogen release in the dark after injection of Pt/TiO2 to the preirradiated bare TiO2 slurries demonstrates that stored electrons might migrate from the preirradiated TiO2 towards the particles of Pt-loaded polymorph. Depending on the polymorphs involved, the rates of H2 release in the dark differ by order of magnitude, which gives additional support to the preferential directionality of the stored electrons.

Establishing the exact nature and the relative energies of the long live stored electrons needs further investigations and remains outside the scope of this work. Recent results from the energy-resolved photo acoustic spectroscopy demonstrate that the energy of stored (or trapped) electrons has a relatively wide distribution that depends on the TiO2 individual sample properties [lxxiv, lxxv]. Unlike the band gaps of bulk TiO2 phases which are single values characteristic of the corresponding crystalline structures, the trapped states energy might depend on many factors besides polymorph type, such as chemical environment and crystalline facet exposed, or trapped states generation method. The energies of experimentally reported and calculated trapped levels are located near the CB edge of TiO2 in a wide energies range of 0.3 -1.8 eV [lxxvi, lxxvii, lxxviii]. At least two distinct long-live trapped states can exist in irradiated anatase [lxxix]. Theory models are also versatile and include step edges for anatase (101) [lxxx], polarons associated with surface hydroxyls [lxxxi], deeply trapped bulk species [lxxxii] and others [lxxxiii]. The diversity of such states does not allow attributing the observed effects to one or them. However particularly strong effects observed in this work for the high-surface area PC500 anatase allow speculating that stored species relevant to catalysis are located at the surface. As the particles surfaces are obviously solvated, the transfer probably occurs with assistance of OH groups, linked respectively to Ti(III) and Ti(IV) atoms (but participation of methanol molecules part cannot be excluded as well):

Ti(III)-OHA + Ti(IV)-OHR <=> Ti(IV)-OHA + Ti(III)-OHR

The observed directionality is in a seeming contradiction with the bands alignment in pure TiO2 phases. The electron affinity and the work function of anatase were reported to be greater than for rutile, and therefore the bottom of conduction band of rutile is higher by 0.4-0.1 eV, depending on the study [lxxxiv, lxxxv, lxxxvi]. Heterojunction electrons flow direction from rutile to anatase has been verified by measurement of the surface potential profile over the interface of TiO2 phase junction [lxxxvii]. However both the probed species and the time scales are obviously very different from our case. In the solid-state heterojunctions, the events on the time scales from ps up to few ns are involved. On the other hand, in the liquid-phase PHER experiments, transfer of long-live (for at least minutes) species occurs between the solvated surfaces. Obviously, the process at stake is not a direct electrons transfer between the lattices of two polymorphs, but an exchange between surface reduced species (in which participation of organic molecule could not be excluded).

The observed effects open new prospective for the design of novel simple and efficient experiments, both on the fundamental and applied sides. Thus, noble metals atoms economy 21 can be achieved if the directionality of stored electrons transfer is taken into account (in our case -when bare anatase PC500 is mixed with Pt-loaded rutile). Beside these specific catalysts, novel composite systems might be conceived on the basis of exchange of stored electrons between the nanoparticles in suspensions.

Fig. 1 .

 1 Fig. 1. (a) XRD patterns of three titania polymorphs. All peaks on the patterns correspond respectively to the ICDS cards of anatase (01-076-1940), rutile (01-089-0552) and brookite (01-076-1937). The intensity scale for rutile and brookite is changed for the presentation convenience; (b) UV-visible reflectance spectra of three phase-pure TiO2 polymorphs.

  Figure S5 shows Zeta potential for three titanias, measured in 1:1 water-methanol mixture in 0.001M KNO3. Zeta potential measurements in water-methanol suspensions show IEP values in the range between 4 and 6, usually observed in pure aqueous medium. The IEP value changed in the sequence A

Fig. 2 .

 2 Fig. 2. TEM images for the Pt/R + A (a), Pt/B +R (b) and Pt/A+R (c) mixtures after PHER catalytic tests. Three polymorphs are clearly distinguishable due to striking difference of their morphology. Platinum particles can be seen as dark spots.

Fig. 3 .

 3 Fig. 3. Specific PHER activity of the Pt/TiO2 catalysts vs. the polymorph type and the slurry concentration.

Figure 4

 4 Figure4shows variation of PHER rate for a fixed amount of Pt/TiO2, as a function of the relative amount of added bare polymorph. The experiments with slurry concentrations of 0.2 g/L are presented in the main text, but similar behavior was observed whatever the initial Pt/TiO2 concentration. Strong non-additivity of PHER properties, of both negative and positive sign, has been observed. The PHER rate for Pt/A always decreases after addition of bare TiO2 polymorphs. The strongest effect was observed due to rutile addition. Addition of A powder to Pt/A leads only to a slight PHER rate decrease (Fig.6a). Pt/B and Pt/R PHER performance is increased by addition of bare anatase: by a factor of 1.5 for Pt/R and by a factor of 3 for Pt/B (Fig.4 b, c). The effects of mixing of Pt/R or Pt/B and bare B or R are much weaker. Addition of B to Pt/B and of R to Pt/R leads to a slight decrease of PHER rate, probably due to the light absorption in the concentrated slurry which leads to lesser illumination (directed on the bottom of reactor) of the topmost layers and therefore to lower apparent specific PHER rate. Indeed, light absorption is an important factor explaining the decrease of PHER rate vs. the catalyst loading (Fig.3). We applied the total slurry loadings in the domain of approximately constant specific rate. Under this condition the relative activity values vs. the amount of added bare TiO2 obtained for different initial Pt/TiO2 concentrations merge to common continuous curves with a clear asymptotic (ascending or descending) behavior.

Fig. 4

 4 Fig. 4 (a-c) Normalized PHER rates in the mixtures of 0.5% wt. Pt/TiO2 catalysts with the powders of bare TiO2 polymorphs. Concentration of the initial Pt/TiO2 slurries is 0.25 g/L; (d) Specific PHER rates per Pt mass as a function of the mixtures composition at 0.25 g/L slurries concentration. Note that the compositions ranges in (a-c) and (d) overlap but are not the same. In all cases activity is normalized taking to unity the activity of the initial pure Pt/TiO2 catalysts.

Fig 5

 5 Fig 5 Release of H2 in the dark after injection of 10 mg of Pt-loaded TiO2 to the suspensions of 100 mg of bare TiO2 polymorphs, pre-illuminated for 90 min (only the last 18 min of this period represented in the figure). The amount of released hydrogen is given per gram of the initial (preirradiated) catalyst.

  Pt/TiO2 with pre-irradiated bare TiO2 of the same polymorph leads to H2 release due to the scrambling of stored electrons, by hopping between TiO2 particles towards Pt, in agreement with antenna mechanism [40]. However such scrambling in case of Pt/A + A mixture is obviously much slower than directional transfer in case of Pt/R + A or Pt/B + A (Fig. 6a). On the contrary, while the rate of scrambling for Pt/R + R and Pt/B + R mixtures is approximately the same, it is considerably slower for Pt/A + R (Fig 6b). Therefore transfer of stored electrons has a clear directionality from A to Pt/R (or from A to Pt/B).

Fig. 6

 6 Fig. 6 H2 release after injection of Pt/TiO2 and Pt/Al2O3 suspensions (1 mg each) to the slurries of 100 mg of pre-irradiated A (a) and R (b). The amount of released hydrogen is given per gram of the initial (pre-irradiated) catalyst.

  rate for Pt/A without addition of R, whereas a, b and c are some combinations of the rate constants. Depending on the values of the coefficients a, b and c, the PHER rate can be decreasing or increasing linear rational function of [R]0. In the general case of the amount of bare phase (here [R]0) close to zero, the slope of PHER rate vs. the amount of added base phase (here the derivative of rPHER by [R]0) is equal to b-ca, which might have a positive sign (which corresponds to addition of A to Pt/R or Pt/B) or negative sign (addition of R or B to Pt/A). In all cases the ensemble of experimental results, expressing the relative PHER rate vs. the amount of added bare polymorph could be fitted with a linear rational function at high figures of merit (Fig. S11-S13).

Table S1

 S1 Properties of the solids under study and Pt/P25 reference.

	Solid	Ssp m 2 /g Eg , eV	TiO2 XRD size	DLS size nm a	size Å Pt TEM	Pt, %wt. b
				nm			
	Anatase (PC500) 338(15)	3.26(5)	6.5(2)	280(50)	ND	ND
	Rutile	88(5)	3.06(5)	41(4)	250(50)	ND	ND
	(nanorods)						
	Brookite	47(5)	3.18(5)	119(8)	220(50)	ND	ND
	0.5%Pt/A	315(15)	3.28(5)	ND	290(50)	16(3)	0.52(1)
	0.5%Pt/R	80(5)	3.08(5)	ND	300(50)	23(6)	0.49(1)
	0.5%Pt/B	49(5)	3.17(5)	ND	280(50)	18(4)	0.48(1)
	0.5%Pt/P25	55(5)	3.30(5)	20(2)	90(		

Table 2

 2 PHER rates, photon efficiency and experimental conditions for selected solids studied in this work and for literature references

	Co-catalyst	PHER	PHER	PHER	Lamp,	Slurry	PE, %
	Catalyst	rate,	rate,	rate,	mW	g/L	
		µmol/h	µmol/g.h	mmol/gPt.h			
	TiO2 rutile (R)	0.18	5.1	-	Hg 150	1.5	0.02
	TiO2 Brookite (B)	0.06	1.7	-	Hg 150	1.5	0.007
	TiO2 P25 (A+R)	1.1	33	-	Hg 150	1.5	0.08
	TiO2 PC500 (A)	1.3	35	-	Hg 150	1.5	0.09
	0.5%Pt/P25	57	10190	2038	Hg 150	0.25	4.6
	0.5%Pt/A 0.5%Pt/A+R 0.1%Pt a	66 10.0	11800 1787	2360 357	Hg 150 Hg 150	0.25 0.25	5.4 0.81
	0.5%Pt/A+R 0.025%Pt	9.1	1626	325	Hg 150	0.25	0.74

a total Pt content in the composite catalyst b approximately recalculated using lamp power ratio and curve of normalized PHER rate vs. slurry concentration (Fig

3

).

Table 2 )
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