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4 ABSTRACT: Mesoporous TiO2 aerogels with a surface area larger than 600 m2 g−1 have
5 been prepared via acid-catalyzed sol−gel synthesis and supercritical drying. Varying
6 temperature treatments in air result in changes in the morphology of the aerogels and
7 their specific surface area. Interestingly, the ability to store photogenerated electrons in
8 the surface states of the aerogels upon illumination of dispersions in water−methanol
9 mixtures increases at lower calcination temperatures. Additionally, the extent of electron

10 storage capability also depends on hole scavenger concentration. Increasing the
11 calcination temperature to 500 °C results in a decreased surface area and electron
12 storage capability but increased hydrogen evolution rates. Finally, nitrogen reduction to
13 ammonia in the dark is performed with photogenerated stored electrons in TiO2 aerogels,
14 separating the charge carrier photogeneration from the dark reduction reaction.

15 KEYWORDS: TiO2 aerogel, electron storage, photocatalysis, hydrogen production, nitrogen reduction

1. INTRODUCTION
16 Aerogels are unique 3D mesoporous materials composed of
17 interconnected porous networks which exhibit high surface
18 areas, open pores, and low densities.1,2 The sol−gel process is a
19 prominent technique to synthesize such aerogels since it is a
20 simple method and requires no complex setup. Several
21 synthesis parameters can be varied to control the nanoscale
22 structure and physicochemical properties.3,4 It has been
23 demonstrated that high surface areas could be obtained in
24 amorphous titania aerogels based on chloride and alkoxide
25 precursors, followed by hydrolysis and condensation reactions
26 to form a wet gel,5,6 which is further dried, for example,
27 supercritically, to prevent the porous structure from collaps-
28 ing.1 Reported surface areas for amorphous TiO2 aerogels are
29 in the range of 466 to 733 m2 g−1.4,6−8 The ability to control
30 the sol−gel process for synthesizing aerogels is a powerful tool
31 for designing a suitable and efficient catalyst. A high specific
32 surface area and open porosity of aerogels favor the adsorption
33 and diffusion of reactants, thereby offering many active
34 reaction sites and their accessibility for photocatalytic
35 reactions.9 The interconnected network of nanoparticles offers
36 additionally long diffusion pathways for photogenerated
37 electrons.
38 Aerogels were reported as suitable catalysts for photo-
39 catalytic applications, for example, the degradation of dyes or
40 organic substances and hydrogen evolution.10−14 Especially,
41 TiO2 and composite aerogels are promising materials for
42 efficient photocatalysis, due to the high number of reactive
43 sites and improved charge separation.15,16 Both the poly-
44 morphic forms of TiO2 and the morphological and structural

45characteristics were reported as crucial factors for photo-
46catalysis. Different synthesis procedures for TiO2 aerogels are
47reported in the literature to optimize the synthesis parameters
48and consequently the morphological and structural character-
49istics with regard to photocatalytic hydrogen evolution.
50Parayil et al. investigated the synthesis parameters using
51alkoxide precursors for TiO2 aerogel synthesis via high-
52temperature supercritical drying.17 Luna et al. reported TiO2
53aerogels assembled from crystalline preformed nanoparticles
54which showed efficient hydrogen generation.10 Recently,
55Niederberger et al. presented similar titania-based aerogels
56and their ability for hydrogen production based on water/
57methanol vapors. They reported gas-phase hydrogen evolution
58rates of up to 340 μmol g−1 h−1 for a 0.5 wt % Pd decorated
59TiO2 aerogel under irradiation with a 375 nm LED.18 TiO2−Pt
60composites were reported by Lin et al. and Puskelova et al.19,20

61They described the dependency of the hydrogen evolution rate
62on the Pt particle size and loading on TiO2, reflecting the
63number of reactive sites. Lin et al. reported a hydrogen
64evolution rate of 18.3 μmol g−1 h−1 at 30 °C for a titania
65aerogel with 84.5 m2 g−1 surface area after calcination for 10 h
66at 500 °C. After decoration with 0.5 wt % Pt, an evolution rate
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67 of 328 μmol g−1 h−1 was obtained. These values correspond to
68 ∼1 and 16.4 μmol h−1, and the evolution rates were higher
69 compared to those of P25 nanoparticles and hydrothermally
70 prepared TiO2 nanocrystals.19 Puskelova et al. obtained the
71 highest hydrogen evolution rate of 7.2 mmol h−1 g−1 (720
72 μmol h−1) for Pt-decorated anatase aerogels calcined at 500 °C
73 for 30 min with 1 wt % Pt and a Pt particle size of 5.75 nm.21

74 With intensity-modulated photovoltage spectroscopy and
75 photocurrent spectroscopy measurements on TiO2 aerogels
76 synthesized with different weight fractions of sol−gel
77 precursors, DeSario et al. were able to show that trapping
78 sites are the reactive sites in photocatalytic hydrogen
79 generation.15 This could be concluded due to differences in
80 the lifetime and mobility of photogenerated electrons.
81 Hydrogen generation increased with increased sol−gel
82 precursor concentration. By use of UV−vis and EPR
83 spectroscopy, Di Iorio et al. found an improved electron
84 storage capacity for TiO2 ethanolic sols with an increase of the
85 titanium to water molar ratio.22 Panayotov et al. reported that
86 photogenerated electron−hole pairs in TiO2 aerogels are more
87 efficiently separated compared to commercial TiO2 nano-
88 particles and that the density of excited-state electrons is higher
89 in these aerogels.23

90 Besides the aerogel structure, the crystal structure also has
91 an influence on the charge carrier lifetime. Sachs et al.
92 performed transient absorption spectroscopy measurements on
93 the most commonly used TiO2 crystal phases, that is, rutile and
94 anatase. They found a faster recombination rate for the rutile
95 crystal phase, and for both polymorphs the surface
96 recombination is the most important factor for the charge
97 carrier lifetime.24

98 There are several examples in the literature which report the
99 storage of photoexcited electrons in semiconductor materials

100 and the use of these stored electrons for reduction reactions in
101 the dark. Bahnemann et al. reported the trapping of electrons
102 close to the surface of colloidal TiO2 with the formation of Ti3+
103 states in the presence of a hole scavenger, which was
104 characterized by broad absorption with a maximum at 650
105 nm.25 By employing the stopped-flow technique and UV−vis
106 spectroscopy, they investigated the reduction reaction of such
107 stored electrons with silver ions,26 gold ions,27 and other
108 electron acceptors in detail.28,29 In 2011, they showed, for the
109 first time, that photoexcited electrons stored in TiO2 can
110 reduce dinitrogen.30 Since then, reports about the electron
111 storage of different materials,31 including WO3,

32,33 copper
112 complexes,34 and carbon nitrides,35 were published. In the case
113 of cyanamide-functionalized polymeric networks of heptazine
114 units, 4-methylbenzyl alcohol is necessary as a hole acceptor to
115 store electrons in the material. In contrast, an aqueous
116 methanol solution with a concentration of 0.02 mol L−1 is
117 already enough to extract photoexcited holes from TiO2 and to
118 store photoexcited electrons.30 The addition of a cocatalyst,
119 such as Pt or other metal cocatalysts, to a photocatalyst storing
120 photoexcited electrons in an aqueous solution leads to the
121 formation of hydrogen.26,27,35,36

122 There are also some reports on the storage of photoexcited
123 electrons in photoelectrodes. Amal et al. showed for WO3
124 photoelectrodes that higher calcination temperatures lead to
125 improved crystallinity but reduced electron storage. The
126 photoelectrochemical H2 evolution activity also increased as
127 long as the contact between WO3 and the substrate was
128 sufficient.37 They presented in another work that WO3 films
129 can be charged using an electrolyte with alkali cations and that

130these charges can be used in dark conditions.32 These films
131could also be recharged. Kamat and Takai showed that
132photocatalytically deposited Ag on TiO2 leads to an improved
133photoelectrochemical performance with about 2 times higher
134photocurrent in TiO2/Ag films compared to that in
135unmodified TiO2 films.38 The authors explained this improved
136activity by capturing photogenerated electrons and the more
137negative Fermi level. They also found a dependency of electron
138storage on the amount of deposited Ag, with an optimum
139capacity at 8.6 μM for a suspension with 5.8 mM TiO2. They
140quantified the stored electrons by titration with methylene blue
141and found that the electron storage is best for Ag-modified
142TiO2 compared to pristine, Au-modified, or Pt-modified TiO2.
143In the present work, we report a detailed investigation on
144the photocatalytic and electron storage properties of
145mesoporous TiO2 aerogels prepared via a novel approach for
146a modified acid-catalyzed sol−gel synthesis with subsequent
147supercritical drying and different heat treatments in air. All
148prepared TiO2 aerogels exhibit the anatase crystal structure to
149exclude the influence of composite formation on the
150photocatalytic activity and electron storage ability of the
151aerogels. The influence of physical properties, especially the
152surface area and crystallinity, on the ability to store electrons in
153water−methanol slurry and on hydrogen evolution is
154discussed. Quantification experiments of the stored electrons
155via reduction reactions in the dark will be presented.
156Furthermore, methanol concentration-dependent measure-
157ments on samples with high electron storage ability are
158presented. We show the possibility of electron storage
159optimization by adjustment of crystallinity, surface area, and
160concentration of a sacrificial agent, for which TiO2 aerogel
161materials offer the possibility of tailoring the surface area and
162crystallinity over a wide range. Through an experiment for
163nitrogen reduction in the dark yielding ammonia, we pave the
164way for a possible ammonia-on-demand application of the
165herein-synthesized photocharged aerogels besides hydrogen
166generation.

2. EXPERIMENTAL SECTION
1672.1. Chemicals. Titanium(IV) tetraisopropoxide (98%, Merck),
168hydrochloric acid (37%, ACS reagent, Sigma-Aldrich), ethanol
169(CHEMSOLUTE, denatured with MEK, IPA, and Bitrex, 99.8%),
170methanol (99.9%, Fisher Chemical), hexachloroplatinate(IV) hydrate
171(99.995%, Carl Roth), and Hombikat UV 100 (99%, Sachtleben
172Chemie) were used as received.
1732.2. TiO2 Aerogel Synthesis (Scheme 1). TiO2 gels were
174prepared with an acid (HCl)-catalyzed sol−gel method using
175titanium(IV) isopropoxide (TTIP) as the precursor. The molar
176ratio of TTIP/ethanol/acid/water was kept constant of 1:26:0.1:4. A
177solution containing TTIP in ethanol (EtOH) was prepared under
178magnetic stirring at 0 °C. Hydrochloric acid was added after few
179minutes. Deionized water was added dropwise to the solution. A gel
180was formed after few minutes. Gels were aged for 7 days at 50 °C,
181washed in isopropanol four times, and dried with CO2 at supercritical
182conditions (60 °C, 115 bar, flow rate 15−20 kg/h). As-formed
183aerogels, excluding the as-synthesized aerogel, were thermally treated
184in air at 300, 400, and 500 °C for 10 h (heating rate: 10 K min−1).
1852.3. Characterization. XRD measurements were performed on a
186Bruker D8 ADVANCE X-ray diffractometer using a Cu Kα radiation
187source and a LYNXEYE XE-T detector. The diffraction data were
188collected in the range of 15−90° 2θ with a step size of 0.01°. The
189crystallite sizes were estimated using Bruker EVA software by
190calculating the integral breadth from the XRD pattern. Phase
191quantification and determination of amorphous/crystalline phase
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192 was performed by the Rietveld method implemented in Topas using
193 CeO2 as the internal standard.
194 Raman spectra were recorded using an XploRA PLUS Raman
195 spectrometer (HORIBA Scientific) with an operating wavelength of
196 532 nm.
197 The specific surface area was determined via N2 physisorption
198 measurements at 77 K on a Micromeritics 3Flex instrument in a
199 partial pressure range of 0.05 < p/p0 < 0.3 using the Brunauer−
200 Emmett−Teller (BET) method. The total pore volume of the samples
201 was obtained from the N2 desorption isotherms at a partial pressure of
202 0.98, and the pore size distribution was obtained using the Barrett−
203 Joyner−Halenda (BJH) model. Prior to physisorption analysis, the
204 samples were outgassed at 60 °C for 12 h on a Micromeritics VacPrep
205 Gas Adsorption Sample Preparation Device.
206 SEM images were taken with a Zeiss Ultra 55 electron microscope
207 using an accelerating voltage of 3 kV. The samples were coated with
208 platinum using a Baltec sputter coater prior to measuring.
209 TEM analysis was performed with a Philips Tecnai F30 operated at
210 300 kV. D-spacing was determined from TEM images using ImageJ.
211 A PerkinElmer Lambda 750 UV/vis/NIR spectrometer, equipped
212 with a Praying-Mantis mirror unit from Harrick, was used to record
213 the diffuse reflectance of the powdered aerogels with a step size of 1
214 nm. The used white standard was a Spectralon pellet. The spectra
215 were converted into absorption spectra using the Kubelka−Munk
216 function. Tauc plots were used to estimate the band gaps. For the
217 estimation of the absorbance of the dispersions, the spectrometer was
218 equipped with an integrating sphere, and the dispersion was stirred
219 during the measurements of the diffuse reflectance. The spectra were
220 converted to absorbance spectra. Three measurements were
221 performed for every data point, and error was determined.
222 The lamp spectrum was measured with a Flame spectrometer from
223 Ocean Insight.
224 2.4. Photocatalytic Test Experiments. For all photocatalytic
225 experiments, ultrapure water with TOC = 2 ppb was used. The
226 experiments were conducted with a 300 W Xe lamp (Quantum
227 Design, lamp spectrum is shown in Figure S1) in a top-irradiated glass
228 reaction vessel. Measurements were all performed at 20 °C [ECO RE
229 1050G (Lauda) thermostat] under stirring. The system was flushed
230 with argon 5.0 before the measurements to remove residual air.
231 Detection of the evolved hydrogen was performed every 11 min using
232 a GC2014 gas chromatograph from Shimadzu, equipped with a shin
233 carbon ST column (Restek) and a thermal conductivity detector,
234 using argon 5.0 as the carrier gas. The argon 5.0 flow rate for the

235measurements was set to 25 mL min−1 with a Bronkhorst mass flow
236controller.
237The hydrogen evolution experiments with Pt photodeposition were
238carried out with a 100 mg aerogel sample dispersed in a mixture of
239135 mL water and 15 mL methanol. The dispersion was irradiated for
240100 min without cocatalyst. The lamp was turned off to wait until no
241hydrogen evolution was detected anymore; then, an aqueous solution
242of hexachloroplatinate(IV) hydrate was added via rubber sealing
243without opening the reactor to reach a loading of 0.0076 μmol m−2.
244The lamp was turned on again after the hydrogen evolution peak was
245observed, and the sample was irradiated for another 100 min.
246Afterward, the lamp was turned off, and it was left to rest until the
247hydrogen evolut ion was zero . A cer ta in amount of
248hexachloroplatinate(IV) hydrate was added to the calcined aerogel
249dispersion to reach the same loading amount of 0.1 wt % Pt as for the
250as-synthesized aerogel sample. The dispersions of the calcined aerogel
251samples were irradiated again for 100 min, the lamp was turned off,
252and the measurements were stopped after no hydrogen evolution was
253detected. Photographs of all dispersions were taken before the
254measurement and after each irradiation step. The samples with Pt
255deposited were washed with isopropanol three times and centrifuged
256at 1500 rpm. Then they were dried with CO2 at supercritical
257conditions. XRD measurements were performed as described above to
258determine any changes in the sample.
259For the experiments to detect the absorbance of the dispersions,
260100 mg of the aerogel sample were dispersed in a mixture of 135 mL
261water and 15 mL methanol. After flushing with argon 5.0, a sample of
262approximately 2.5 mL dispersion was taken and filled in an argon-
263flushed closed cuvette, and the diffuse reflectance was measured in a
264PerkinElmer Lambda 750 UV/vis/NIR spectrometer, equipped with
265an integrating sphere under stirring. The aerogel dispersions were,
266afterward, irradiated for 100 min. 2.5 mL of the blueish dispersion was
267filled in an argon flushed cuvette, and the diffuse reflectance was
268measured immediately, 30, and 110 min after the sample was taken.
269For the experiments of the dependency of the electron storage
270ability on the methanol concentration, 100 mg of the as-synthesized
271aerogel sample were dispersed in 150 mL aqueous methanol solutions
272with different methanol concentrations ranging from 0.02 to 19.7 mol
273L−1. The dispersions were irradiated for 100 min. Photographs of the
274dispersions were taken directly after the irradiation.
275For the nitrogen reduction reaction, 100 mg of the as-synthesized
276aerogel was dispersed in 150 mL of 2.5 mol L−1 aqueous methanol
277solution. The dispersion was irradiated for 100 min under the same
278conditions as for the absorbance detection measurements; the argon

Scheme 1. Schematic Presentation of the Synthesis Procedure and Images of TiO2 Wet Gel (Left) and Aerogel (Right)
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279 5.0 flow rate was set to 50 mL min−1. After the irradiation under
280 argon 5.0, the carrier gas was switched to N2. The flow rate was set to
281 50 mL min−1 N2 for 7 h for the nitrogen reduction reaction in the
282 dark. Afterward, a salicylate test was performed to determine the yield
283 of NH3 quantitatively.39

284 2.5. Electron Quantification Experiments. Electron quantifi-
285 cation via Pt4+ reduction and hydrogen evolution was performed in
286 the same reactor as described above. The reaction parameters were
287 kept identical to the hydrogen evolution experiments. The argon 5.0
288 flow rate was set to 100 mL min−1, and the hydrogen gas evolution
289 was detected online using a mass spectrometer (Hiden HPR-20 Q/C)
290 every 13 s. The samples were irradiated for 100 min, and it was left to
291 rest until no hydrogen evolution from that irradiation was detected
292 anymore (this time was set to zero). Then, 0.1 wt % Pt as precursor
293 was added to the dispersion via a rubber sealing without opening the
294 reactor, and it was left to rest until no hydrogen evolution in the dark
295 was detected anymore.

3. RESULTS AND DISCUSSION
296 3.1. Sample Characterization. A synthesized TiO2 wet

s1 297 gel (Scheme 1 left photograph) shows a transparent
298 appearance. After supercritical drying, the as-synthesized
299 TiO2 aerogel (Scheme 1 right photograph) turns into a very
300 light, brittle, and translucent aerogel. The translucency in the
301 visible range indicates a small particle size and homogeneous
302 pore distribution.40

303 The X-ray diffraction (XRD) patterns of the as-synthesized
f1 304 and calcined TiO2 aerogels are shown in Figure 1. It can be

305 observed that, surprisingly, the as-synthesized TiO2 aerogel
306 (please see the Experimental Section for details) is semi-
307 crystalline. The broad diffraction peaks represent a high
308 amorphous content, but the main reflections at 25.28 and
309 48.05° 2θ agree with the main reflections of anatase TiO2
310 (PDF-21-1272). TiO2 nanostructures which are synthesized
311 using TTIP were reported to be crystalline (anatase) when
312 ambiently dried or dried at, for example, 60 °C.41,42 However,
313 in our case, the TiO2 gels were supercritically dried, which is
314 generally reported in the literature leading to amorphous
315 aerogels. Varying the synthesis conditions, for example, type or

316amount of catalyst, without any addition/assembly of
317preformed crystalline TiO2 nanoparticles, the resulting aerogels
318were reported to be amorphous, or only very few crystallites
319were found.5,6,8,10,18

320The degree of crystallinity was determined with Rietveld
321refinement using an internal standard, which indicated
322significant crystalline content of TiO2 anatase in the as-
323 t1synthesized aerogel (Table 1). The degree of crystallinity of

324the as-synthesized TiO2 aerogel could be due to the
325temperature and pressure during the supercritical drying
326process. It was reported by Moussaoui et al. that the drying
327conditions, such as high temperatures, can have an impact on
328the crystalline structure.43 For calcination temperatures of
329300−500 °C, the TiO2 sample was completely crystallized,
330forming anatase.
331The heat-treated TiO2 aerogels at 300, 400, and 500 °C
332show reflections which can be assigned to the TiO2 anatase
333crystal structure. No reflections can be assigned to the TiO2
334rutile crystal structure.44

335According to the literature, anatase is the most likely
336occurring crystal structure at the applied calcination temper-
337atures.6 The anatase−rutile phase transition was reported to
338occur at temperatures between 400 and 800 °C.3 The XRD
339pattern of the calcined aerogel at 500 °C exhibits well-defined
340and better-resolved reflections compared to the calcined
341aerogels at 300 and 400 °C, respectively. This indicates that
342the crystallinity increases with the calcination temperature. The
343crystallite sizes of the aerogels were estimated for the (101)
344reflection in the range of 23−28° 2θ. They increase with
345calcination temperature from 4 nm for the as-synthesized TiO2
346aerogel to 13 nm for the TiO2 aerogel calcined at 500 °C
347(Table 1).
348Figure S2 shows the Raman spectra of the TiO2 aerogel. The
349Raman spectrum of the as-synthesized TiO2 aerogel exhibits a
350broad band [Eg(1) band] at 150.6 cm−1 and weak broad bands
351between 400 and 700 cm−1. The heat-treated aerogels exhibit
352narrower Raman bands compared to the as-synthesized
353aerogel, which can be assigned clearly to anatase [141 cm−1

354(Eg(1)), 197 cm−1 (Eg(2)), 398 cm−1 (B1g(1)), 515 cm−1 (A1g,
355B1g(2)), and 640 cm−1 (Eg(3))].

45−48 The bandwidth of the
356Raman bands decreases with increasing calcination temper-
357ature. The broad bands of the as-synthesized aerogels confirm
358the amorphous character of the sample. However, the bands
359found are more pronounced as reported in the literature for
360amorphous TiO2 films.49 This indicates a certain level of
361structural order of the material, which fits with the found
362crystallinity of 10 wt % in the as-synthesized aerogel sample.
363Also, Swamy et al. reported broad Raman bands for small
364crystallite sizes of 4 nm and narrow bands for crystallite sizes of
36520 nm.48 Thus, the nanosized crystals of 4 nm found for our
366as-synthesized aerogel and the low level of crystallinity could
367explain the broad but distinctive bands for the as-synthesized

Figure 1. XRD patterns of the as-synthesized TiO2 aerogel (black)
and aerogels calcined at 300 °C (red), 400 °C (blue), and 500 °C
(green). The reference line pattern of anatase TiO2 (PDF-21-1272) is
shown for comparison. Normalized data is in the range of 0 to 100,
related to the highest signal.

Table 1. Rietveld Analysis of the Prepared TiO2 Aerogel
Samples

TiO2 crystalline
phase/anatase wt %

TiO2
amorphous
phase wt % crystallite size/nm

as-synthesized 10 90 4
300 °C 100 0 7
400 °C 100 0 10
500 °C 100 0 13
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368 aerogel sample. Kelly et al. report a band shift (blue shift) and
369 band broadening for small crystallite sizes compared to large
370 crystallize sizes.47 This can be also seen for the herein
371 synthesized TiO2 aerogels. The maximum of the Eg(1) bands
372 shifts from 150.6 cm−1 of the as-synthesized aerogel to 141.3
373 cm−1 of the aerogel calcined at 500 °C, which fits with the
374 literature values for crystalline anatase. A higher level of
375 crystallinity leads to more pronounced Raman bands for the
376 calcined TiO2 aerogels compared to the semicrystalline as-
377 synthesized aerogel.
378 The physisorption isotherms of the as-synthesized and heat-

f2 379 treated TiO2 aerogels are presented in Figure 2. They exhibit a

380 type IVa isotherm with the H1 hysteresis loop according to the
381 IUPAC classifications, indicating a mesoporous material.50 The
382 desorption path is in thermodynamic equilibrium and different
383 for the adsorption path, leading to hysteresis, which is
384 associated with delayed capillary condensation during
385 adsorption.51,52 The type H1 hysteresis loop and the steep
386 adsorption branch indicate a uniform and narrow pore size
387 distribution. The adsorbed volume of nitrogen increases
388 strongly at a relative pressure of p/p0 = 0.6 for the as-
389 synthesized TiO2 aerogel before it reaches a plateau, indicating
390 capillary condensation and saturation. For the heat-treated
391 TiO2 aerogels, the steep adsorption branch occurs at higher
392 relative pressures, in particular, the higher the calcination
393 temperature, the higher the relative pressure for the increase of
394 adsorbed volume. This indicates larger pores after higher
395 calcination temperatures. This is in good agreement with the
396 pore size distribution shown in Figure 2 (inset).
397 A narrow pore size distribution was obtained for the as-
398 synthesized and heat-treated TiO2 aerogels. After heat
399 treatment, the pore size distribution is slightly narrower, and
400 the average pore size shifts to larger pore. This is in good
401 agreement with the location of hysteresis loops, which occur at
402 higher relative pressure and in a narrower pressure range for
403 higher calcination temperatures. This can be explained by
404 smaller mesopores (approx. 5−15 nm) which coalesced with
405 larger mesopores (approx. 20 nm). The reduced number of
406 smaller mesopores could also explain the decreased surface

407area after heat treatment, as smaller pores contribute more to
408higher surface areas.6

409 t2The physisorption results are summarized in Table 2. The
410as-synthesized TiO2 aerogel exhibits a high specific surface area

411and a pore volume of 600 m2 g−1 and 2.5 cm3 g−1, respectively.
412The supercritical drying process preserves the mesoporous
413structure of the as-synthesized TiO2 aerogel, leading to the
414observed high values. Similar results have been reported in the
415literature by Sadrieyeh and Malekfar; however, the aging time
416could be reduced from >40 to 7 days during synthesis here,
417achieving a stable and translucent TiO2 aerogel.6 The specific
418surface area of the as-synthesized TiO2 aerogel is in the same
419range as the reported literature values of 466 to 733 m2 g−1 for
420amorphous TiO2 aerogels, but it is semi-crystalline, which is
421not the case for the reported aerogels.4,6−8 As expected, the
422surface area as well as the pore volume decrease for the heat-
423treated TiO2 aerogel at 300 °C. The surface area and pore
424volume show a further decrease for the TiO2 aerogels heat-
425treated at 400 and 500 °C, indicating a decrease in porosity.
426This is in accordance with the results reported in literature for
427calcined aerogel samples.6 Even though the calcination of the
428TiO2 aerogel reduced the specific surface area and porosity,
429both are higher compared to conventional bulk anatase and
430therefore is beneficial to use the investigated sol−gel synthesis
431conditions and supercritical drying for TiO2 aerogel synthesis.

6

432A comparable surface area of 85 m2 g−1 was reported for an
433equally calcined TiO2 aerogel by Lin et al.19

434 f3Figure 3 shows the SEM images of the TiO2 aerogels at two
435different magnifications. The as-synthesized sample (a) shows
436mainly a smooth surface. The high-magnification SEM image
437(b) shows small, nearly spherical interconnected particles,
438which form an open porous network. This is highlighted with
439dotted lines in Figure 3b. Figure 3c−h shows the SEM images
440of the heat-treated TiO2 aerogels at 300, 400, and 500 °C. The
441images show also a smooth uniform surface of the samples;
442however, the porosity of the samples decreases with higher
443calcination temperature, which is visible through the fewer and
444larger voids/pores between the particles and denser appear-
445ance of the microstructure. The particles become larger with
446higher calcination temperatures and seem to be arranged more
447densely.
448In Figure 3d, small pores are still visible but have larger
449particles at 300 °C calcination temperature compared to the
450as-synthesized sample. Higher calcination temperatures lead to
451larger pores, and the denser microstructure becomes clearly
452visible at 400 °C calcination temperature, as seen in the
453highlighted areas in Figure 3f. The particle size increases
454further at 500 °C calcination temperature, which is highlighted
455in Figure 3h. These results are in good agreement with the N2
456physisorption results in Figure 2 and Table 2. The as-
457synthesized TiO2 aerogel was further analyzed using TEM to
458 f4confirm the observed semi-crystalline structure. Figure 4 shows

Figure 2. N2 physisorption isotherms and BJH pore size distribution
(inset) for the as-synthesized and heat-treated TiO2 aerogels: as-
synthesized TiO2 aerogel (black) and aerogels calcined at 300 °C
(red), 400 °C (blue), and 500 °C (green).

Table 2. Nitrogen Physisorption Results and Band Gaps of
the Prepared TiO2 Aerogel Samples

BET surface
area/m2 g−1

cumulative pore
volume/cm3 g−1

average pore
diameter/nm

band
gap/eV

as-synthesized 600 2.5 19 3.5
300 °C 184 1.1 20 3.3
400 °C 118 0.9 24 3.3
500 °C 92 0.7 25 3.2
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459 the TEM images of the as-synthesized TiO2 aerogel at different
460 magnifications. Amorphous particles and nanocrystals can be
461 observed. This is in good agreement with the XRD and Raman
462 results shown in Figures 1 and S2, where a semi-crystalline
463 structure was assumed. The TEM image shows the

464interconnected particles and nanocrystals in the porous
465network. It can be assumed that the particles in the aerogel
466network are connected by chemical means rather than by
467physical connection as in the P25 nanopowder. This is
468advantageous for photocatalytic hydrogen evolution, as this

Figure 3. SEM images of the (a,b) as-synthesized aerogel, (c,d) calcined aerogel at 300 °C, (e,f) calcined aerogel at 400 °C, and (g,h) calcined
aerogel at 500 °C at lower (5.000×) and higher (100.000×) magnifications.
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469 could improve the separation of charge carriers. It was reported
470 that the interconnected structure of TiO2 nanocrystals offers
471 better charge carrier delocalization compared to TiO2
472 nanoparticle aggregates, for example, P25, which are physically
473 connected.53,54 The inset in Figure 4 shows the d-spacing,
474 which was estimated to be 0.35 nm for the observed
475 nanocrystals. This fits with the (101)-oriented anatase TiO2
476 lattice plane and confirms the semi-crystalline nature of the as-
477 synthesized TiO2 aerogel.
478 The size of the nanocrystals was estimated approx. 4−6 nm,
479 which is slightly larger compared to the calculated grain size
480 from the XRD pattern (approx. 4 nm). This partial crystallinity
481 was confirmed via Rietveld refinement. The amount of
482 amorphous phase is decreased via heat treatment from the
483 initial 10 wt % for the as-synthesized aerogel (Table 1) to none
484 (within the boundaries of the error).
485 Absorption spectra in diffuse reflectance were recorded to
486 characterize the optical properties of the TiO2 aerogels. Diffuse
487 reflectance spectra were converted to Kubelka−Munk spectra
488 and Tauc plots for band gap estimation (Figure S3). Table 2
489 shows the estimated band gaps of the aerogel samples. The
490 band gap of the as-synthesized TiO2 aerogel is 3.5 eV, slightly
491 higher than the band gap of the calcined aerogels of 3.2 to 3.3
492 eV, which was expected as it is a partially amorphous sample.
493 The estimated band gaps are in correspondence with the
494 reported literature values for anatase TiO2 powders and
495 aerogels, with values ranging from 3.0 to 3.2 eV.10,21,53,55 For
496 all aerogels, only one sharp absorption edge at 340 to 375 nm
497 is visible in the UV−vis spectra, indicating that no biphases are
498 formed.
499 3.2. Photocatalytic Electron Storage and Hydrogen
500 Generation. Photocatalytic experiments were performed with
501 all TiO2 aerogel samples to investigate the influence of the
502 physicochemical properties of the aerogels on the electron

f5 503 storage capability and photocatalytic activity (Figure 5). For
504 this, 100 mg of the aerogel was dispersed in 150 mL of a 2.5

505mol L−1 aqueous methanol solution and irradiated with a 300
506W Xe lamp (see Experimental Section). The samples were first
507irradiated for 100 min without a cocatalyst. Then, the lamp was
508turned off to show that the hydrogen evolution is really a
509photocatalytic effect, as indicated by a decrease in the
510hydrogen evolution rate as no more charge carriers are
511generated. The simultaneous color change of the dispersions is
512shown in Figure 5 as well, changing from a colorless dispersion
513to a blueish-colored dispersion after irradiation. Enlarged
514versions of the photographs are given additionally in the
515Supporting Information (Figure S4). This blue coloration is an
516indication of the storage of electrons and formation of Ti3+
517states.26,28,30,56 Their recombination is inhibited due to the use
518of methanol as a hole scavenger, reacting fast with photo-
519generated holes.25

520The intensity of the blue color decreases with increasing
521calcination temperature of the aerogels and, therefore, also
522with the surface area of the TiO2 aerogel samples. Meanwhile,
523the amounts of detected hydrogen are very low (below 10
524μmol h−1), as expected for unmodified TiO2. Indeed, the
525sample with the smallest surface area�calcined at 500 °C�
526offers the best hydrogen evolution rate up to 3.2 μmol h−1.
527This hydrogen evolution rate is higher than reported hydrogen
528evolution rates of ∼1 μmol h−1 for a comparable calcined
529sample with 85 m2 g−1 surface area measured at even higher
530temperatures of 30 °C.19 It can be assumed that, besides the
531improved crystallinity confirmed by XRD, the interconnection
532of the TiO2 nanocrystals in the aerogels improves with higher
533calcination temperatures, which is advantageous for the
534photocatalytic hydrogen production, as the charge carrier
535separation seems to be improved. This finding is comparable to
536results of Amal et al. on WO3 photoelectrodes, where a higher
537calcination temperature led to improved crystallinity, better
538charge transportation (lower electron storage), and therefore
539higher photocatalytic H2 evolution.37 The heat treatment can
540also reduce the amount of bulk defects, which are
541recombination centers. Kong et al. reported a reduced bulk

Figure 4. TEM images of as-synthesized TiO2 aerogel: (a) 12.000×,
(b) 39.000×, (c) 115.000×, and (d) 295.000×. The inset is a local
enlargement of the TiO2 nanocrystal.

Figure 5. Hydrogen evolution rates over time of the as-synthesized
(black) and calcined TiO2 aerogels at 300 °C (red), 400 °C (blue),
and 500 °C (green); measured without cocatalyst for the first 100
min; measured with 0.0076 μmol m−2 Pt as the cocatalyst (≙0.1 wt %
for the as-synthesized sample) for approx. 30 min without irradiation.
The photographs show the dispersions before irradiation and after
100 min of irradiation at 500, 400, and 300 °C and the as-synthesized
sample from top to bottom.
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542 to surface defect ratio and increased photocatalytic activity for
543 TiO2 nanocrystals, which were calcined compared to TiO2
544 nanocrystals, which were prepared without a calcination step.57

545 After the lamp was switched off and the hydrogen evolution
546 went to zero (since no more charge carriers are generated), an
547 aqueous H2PtCl6 solution was added to the bluish dispersions
548 via rubber sealing (to keep the inert atmosphere in the
549 reactor), to achieve Pt decoration via subsequent photo-
550 deposition. However, even without light irradiation, a few
551 seconds after the addition of the cocatalyst precursor solution,
552 the coloration of the dispersion disappeared. At the same time,
553 a sharp peak in the hydrogen evolution rate was detected in all
554 four cases even without light irradiation (sharp peak after 3 h
555 in Figure 5). The intensity of this hydrogen evolution peak
556 without light irradiation has the same trend as the intensity of
557 the blueish color of the dispersion: The darker the dispersion
558 before H2PtCl6 addition, the higher the hydrogen evolution
559 peak after the addition, up to 20 μmol h−1 if a gas
560 chromatograph is used for the detection of hydrogen every
561 ∼11 min.
562 This hydrogen evolution rate peak can be explained by the
563 photogenerated and stored electrons in the aerogel sample
564 being used to form metallic Pt clusters on the TiO2 aerogels
565 upon H2PtCl6 reduction. After all Pt ions are reduced, forming
566 Pt metal nanoparticles on TiO2, a Schottky contact is formed
567 between Pt and TiO2, upon which the excess of stored
568 electrons in the aerogels are transferred to the Pt metal
569 particles, where they are used to reduce protons to hydrogen,
570 acting as cocatalysts. This hydrogen is then detected as the
571 sharp peak in the hydrogen evolution rate curve. This kind of
572 mechanism was already reported before for different metal
573 cocatalyst deposition on TiO2.

26,27,56,58 The intensity of this
574 peak is therefore�beneath the intensity of the blue color�an
575 indication for the amount of stored electrons. Furube et al.
576 reported an improved charge carrier separation by Pt
577 deposition on TiO2 by use of transient absorption spectros-
578 copy, which additionally explains the enhancement of the
579 hydrogen evolution rate.59

580 The electron storage capability of the aerogels can be related
581 to their physicochemical properties. The as-synthesized,
582 partially amorphous sample with the highest surface area can
583 store the most electrons, as indicated by the most intense blue
584 coloration. Ikeda et al. reported that electrons are trapped at
585 defective sites in TiO2 for example, oxygen vacancies, which
586 are mainly located at the surface of TiO2. They state that the
587 quantity of accumulated electrons represents the number of
588 defective sites.60 The as-synthesized aerogel can therefore store
589 the most photocharged electrons due to the highest surface
590 area and presumably highest amount of surface defects, due to
591 its low heat treatment. An increase in the heat treatment and
592 decrease in surface area results in a decreased amount of stored
593 electrons.
594 In the case of the semi-crystalline as-synthesized TiO2
595 aerogel, more electrons are stored in the material and are
596 not used for the hydrogen evolution under light irradiation, as
597 can be seen in the coloration of the dispersion. This is an
598 indication that the electrons are trapped in surface defects and
599 not in bulk defects, where electrons would recombine with
600 holes. Surface defects are on the one hand charge carrier traps
601 and on the other hand adsorption sites for methanol as a hole
602 scavenger.57 Electrons are trapped, and recombination is
603 prevented by the fast and efficient reaction of the holes with
604 methanol, which makes the untreated aerogel the best electron

605storage material in this study. Heat treatment seems to reduce
606the amount of surface defects and bulk defects leading to
607reduced electron storage, but improved charge carrier
608separation and hydrogen evolution.
609The dependence on the heat treatment of the aerogel can be
610seen also in the photocatalytic hydrogen evolution rates after
611 t3cocatalyst deposition (Table 3). After the deposition of the

612cocatalyst, no blue coloration of the dispersion can be observed
613anymore (Figure S2), as the electrons are transferred to the
614formed metallic Pt particles, where they are used for the
615hydrogen evolution and not stored in the material. All samples
616exhibit the same amount of cocatalyst, nevertheless a clear
617difference in the activity is observed. As the Pt particles prevent
618the storage of the electrons in surface defect states, the
619difference in the activity can be explained by the heat
620treatment and the amount of bulk defects. The heat-treated
621aerogels show decreased charge carrier recombination and
622therefore higher activity compared to the semi-crystalline
623aerogel. This can be explained by the decreased number of
624surface and bulk defects due to the calcination process as well
625as the photocatalytic activity of exposed facets of the crystalline
626phase.61 The photocatalytic activity is also improved by the
627sintered and chemically linked TiO2 nanoparticles, due to the
628wide distribution and therefore better separation of charge
629carriers, up to 340 μmol h−1 for the aerogel calcined at 500 °C
630(Table 3).19 Taking the low amount of cocatalyst loading with
6310.1 wt % into account, this hydrogen evolution rate is quite
632high compared to hydrogen evolution rates of 16.4 μmol h−1 at
63330 °C for a 0.5 wt % Pt-loaded TiO2 aerogel or 720 μmol h−1

634for 1 wt % loaded TiO2 aerogel.19,21

635The TiO2 aerogels were all regained after the photocatalytic
636hydrogen evolution experiments by washing and supercritical
637drying. The XRD pattern after the photocatalytic hydrogen
638production experiments is shown in Figure S5. The XRD
639pattern of the heat-treated aerogels shows no changes, and
640reflections from the small amounts of Pt added are not visible.
641Interestingly, the as-synthesized aerogel sample exhibits more
642pronounced reflections than before the experiments but still
643offers a semi-crystalline character. Rietveld refinement
644indicated an increase in crystallinity of the as-synthesized
645TiO2 aerogel after UV irradiation/photocatalytic hydrogen
646experiment from approx. 10 to 40 wt % crystalline content.
647Zywitzki et al. already showed that amorphous TiO2 can be
648prepared by an UV-light-mediated synthesis using Ti(OEt)4 as
649an titanium alkoxide precursor. The increase of crystallinity of
650the as-synthesized aerogel after UV-light exposure could be
651related to UV irradiation with the Xe lamp used in the
652experiment. This will be further investigated in future studies.56

653Commercial anatase nanoparticles were measured in
654comparison to the as-synthesized TiO2 aerogel to show the
655benefit of the aerogel prepared in the present work (Figure
656S6). The as-synthesized aerogel exhibits better electron storage
657ability, as shown by the intense coloration, compared to

Table 3. Hydrogen Evolution Rates of the Prepared TiO2
Aerogel Samples

hydrogen evolution rate (with 0.1 wt % Pt)/μmol h−1

as-synthesized 25.5
300 °C 176.5
400 °C 279.2
500 °C 331.8
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658 commercial anatase nanoparticles. The coloration of the
659 commercial anatase nanoparticles is comparable to the
660 coloration of the calcined aerogels. The BET surface area
661 and XRD of the commercial anatase was also measured for
662 comparison. The determined BET surface area is 311 m2 g−1.
663 The XRD pattern is comparable to the 300 °C calcined aerogel
664 sample, with a comparable crystallite size (Figure S7).
665 We showed that the material properties of the aerogels have
666 a direct influence on their electron storage capability. To verify
667 the differences in the amount of stored electrons in the aerogel
668 samples, quantification of the stored electrons was performed
669 via the reduction reaction of Pt4+ to Pt0 in the dark with high-
670 resolution detection of the evolved hydrogen evolution peak,
671 with a mass spectrometer every 13 s. Pt is one of the best
672 candidates for this since the large work function of Pt (low
673 Fermi level) forces the electrons to be transferred to Pt
674 (trapping of electrons) as a Schottky contact between Pt and
675 TiO2 is formed.62 Furthermore, Pt shows the lowest activation
676 energy for H2 evolution. Therefore, Pt was chosen for the

f6 677 experiments in the dark.63 Figure 6 shows the hydrogen

678 evolution peak after addition of 0.1 wt % Pt to the dispersed
679 aerogel samples irradiated for 100 min. Additionally, the
680 quantification was done for the commercial anatase nano-
681 particles for comparison. For this investigation, we make the

682viable assumption that all Pt4+ is reduced to Pt0 and that the
683remaining stored electrons are used only for the hydrogen
684evolution reaction; no other reaction partners are present.
685Thus, the amount of stored electrons can be quantified.
686As the amount of added Pt solution is for all samples the
687same, the amount of stored electrons needed for the reduction
688of Pt4+ to Pt0 is for all samples 2 μmol. The amount of evolved
689hydrogen differs, depending on the amount of stored electrons.
690As expected, the dark hydrogen evolution of the as-
691synthesized aerogel in Figure 6 is the highest in comparison
692to the calcined aerogels and to the commercial anatase
693nanoparticles and decreases with the calcination temperature.
694This fits with the intensity of blue coloration�the amount of
695Ti3+�in the photographs in Figure 5, which decreases with
696increasing calcination temperature.
697By integration of the hydrogen evolution rate transient, the
698amount of electrons can be quantified. Two electrons are
699 t4needed to evolve one molecule of hydrogen. Table 4 shows the
700result of the quantification experiments. The sum of the
701electrons used for the reduction of Pt4+ to Pt0 and the
702hydrogen evolution equals the amount of stored electrons in
703the sample. The amount of stored electrons is 22.0 μmol for
704the as-synthesized aerogel and becomes lower from 11.6 μmol
705down to 4.8 μmol for the calcined aerogels. The commercial
706anatase nanoparticles store 13.0 μmol of electrons, which in
707the same range as for the 300 °C calcined aerogel. The
708difference in the surface area�311 m2 g−1 compared to 184
709m2 g−1 for the aerogel�does not have such a high influence on
710the electron storage ability compared to the aerogel samples.
711Here, the different preparation conditions of the commercial
712anatase sample have to be taken into account when comparing
713the commercial anatase nanoparticles with the aerogel samples.
714It seems that the crystallinity has a stronger influence on the
715electron storage ability of the commercial anatase than it does
716for the aerogel, where the surface area has the prominent effect
717on the electron storage ability. The dependency of the electron
718storage ability on the crystallinity was shown before for WO3
719electrodes.37 Compared to the commercial anatase nano-
720particles, the as-synthesized aerogel stores 1.7 times more
721electrons. As expected, the aerogel calcined at 500 °C stores
722the smallest amount of electrons with 4.8 μmol�0.22 times
723that of the as-synthesized aerogel�but shows the highest
724hydrogen evolution activity in the hydrogen evolution
725experiments with 4 times that of the as-synthesized aerogel
726without a cocatalyst.
727The percentage of Ti3+ states�presumably the amount of
728stored electrons�formed in 100 mg of TiO2 aerogels and
729commercial anatase nanoparticles was also calculated (Table
7304) and ranges from 0.4% for the calcined aerogel at 500 °C to
7311.8% for the as-synthesized aerogel. The percentage of Ti3+
732formed in the commercial anatase nanoparticles is 1.0%.

Figure 6. Hydrogen evolution rates in the dark for the quantification
of stored electrons in the as-synthesized (black) TiO2 aerogel and
aerogels calcined at 300 °C (red), 400 °C (blue), and 500 °C (green)
and in commercial anatase (purple) for comparison. The samples
were irradiated for 100 min, and it was left to rest until H2 evolution
was 0 μmol h−1 (this time was set to 0 h here), for a stable baseline for
curve integration. Then, Pt solution was added after 0.2 h to reach 0.1
wt %, and the hydrogen evolution was measured until no evolution
was detected anymore.

Table 4. Amount of Stored Electrons Quantified by the Reduction of Pt4+ to Pt0 in the Dark and Measurement of Evolved H2
and Percentage of Ti3+ States after Charging for 100 min

amount of electrons by Pt4+
reduction (0.1 wt %)/μmol

amount of electrons from H2
evolution/μmol

sum of amount of electrons from Pt4+
reduction and H2 evolution/μmol

percentage of Ti3+ states
after charging/%

as-synthesized 2 20.0 22.0 1.8
300 °C 2 9.6 11.6 0.9
400 °C 2 7.1 9.1 0.7
500 °C 2 2.8 4.8 0.4
commercial
anatase

2 11.0 13.0 1.0
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733 Additionally, to the quantification of electrons, the
734 absorbance of the aerogel dispersions was measured in the
735 range between 350 and 800 nm before and after irradiation of
736 the experiment, as shown in Figure 5. To detect the time-
737 dependent fading in the absorbance of the dispersions, the
738 absorbance was determined immediately after the irradiation
739 for 100 min, 30 min after irradiation was stopped, and 110 min
740 after irradiation was stopped (Figure S8). For this test,
741 dispersions of 100 mg of the TiO2 aerogel in 150 mL of a 2.5
742 mol L−1 aqueous methanol solution were irradiated. The
743 increase in absorption of the dispersions after irradiation for
744 100 min (charging) was detected at a wavelength of 600 nm
745 and compared to the absorbance of the dispersions before

f7 746 irradiation (Figure 7). The absorbance increase directly after

747 irradiation for 100 min is most prominent in the as-synthesized
748 aerogel and the aerogel calcined at 300 °C, being lower for
749 higher calcination temperatures of the aerogel. This is in good
750 agreement with the photographs taken and shown in Figure 5.
751 A decay in absorbance increase after irradiation is most
752 prominent for the sample calcined at 300 °C and also
753 detectable for the as-synthesized aerogel. For calcined samples
754 at higher temperatures, hardly any decay of the absorption
755 increase is detectable in the investigated time range. The decay
756 in the absorbance is attributable to a decreasing amount of
757 stored electrons in the aerogel sample, which can be due to
758 either charge carrier recombination or reduction reaction.
759 Electron storage is preferred in aerogel samples with lower heat
760 treatment, which goes directly in line with reduced rates for
761 photocatalytic hydrogen evolution, in accordance with the
762 photocatalysis results.
763 Since the results led to the conclusion that the as-
764 synthesized aerogel seems to offer the best electron storage
765 ability, further experiments were performed with this sample.
766 The influence of the methanol concentration on electron
767 storage was additionally tested. Dispersions of 100 mg of the
768 aerogel in 150 mL aqueous solution with different methanol
769 concentrations ranging from 0.02 up to 19.7 mol L−1 were

770irradiated for 100 min while simultaneously hydrogen
771evolution was detected. Additionally, photographs of the
772 f8dispersions were taken directly after the irradiation (Figure 8),

773enlarged versions of the photographs are given in the
774Supporting Information (Figure S9). All dispersions show
775the typical blue coloration as an indication of the storage of
776electrons and formation of Ti3+ states. Only a very slight
777coloration and presumably a small amount of stored electrons
778are visible for the lowest methanol concentration of 0.02 mol
779L−1 after irradiation for 100 min. This goes in line with the
780negligible amount of evolved hydrogen. For all other methanol
781concentrations higher than 0.02 mol L−1, a comparable
782hydrogen evolution rate between 0.8 and 1.1 μmol h−1 is
783detected. The higher the methanol concentration is, the darker
784the coloration of the dispersion after the same time of
785irradiation. Thus, the amount of stored electrons can be
786adjusted by the used methanol concentration. The higher the
787concentration of the hole scavenger, the higher is the amount
788of stored electrons, but hardly any changes in hydrogen
789evolution rates are observed. From these results, it can be
790concluded that, in the case of very small amounts of hole
791scavenger, the recombination rate at the surface defects is
792increased as the holes cannot react with methanol before
793recombining with trapped electrons. The higher the concen-
794tration of the hole scavenger, the more methanol can adsorb
795on surface defects, and the charge carrier recombination is
796strongly reduced, which is visible in an increased coloration of
797the dispersion, indicating an increased number of stored
798electrons and therefore Ti3+ states in the sample. This further
799supports the results from the hydrogen evolution experiments.
800These results pave the way for future hydrogen-on-demand
801applications, when charging and hydrogen evolution can be
802spatially and timely separated.
803A material like the presented as-synthesized TiO2 aerogel
804with high electron storage ability and a high amount of surface
805defects offers the possibility for applying it for other redox
806reactions, for example, in dark reduction reactions of very
807stable molecules. One of the currently most investigated
808reactions of this type is the nitrogen reduction reaction.64,65

809Surface oxygen vacancies can be beneficial for the N2
810adsorption and conversion, which makes the as-synthesized
811TiO2 aerogel an interesting material in this research area.66

812Furthermore, Bahnemann et al. showed in 2011 that
813photoexcited electrons stored in TiO2 colloids can reduce

Figure 7. Absorption changes measured after charging of as-
synthesized (black) TiO2 aerogels and TiO2 aerogels calcined at
300 °C (red), 400 °C (blue), and 500 °C (green) (top). The increase
in absorbance at 600 nm after 100 min irradiation (charging, = 0 min)
is given, followed by two additional measurements (30 and 110 min
after irradiation, respectively) without irradiation, indicating color
fading (bottom).

Figure 8. Hydrogen evolution rates over time of the as-synthesized
TiO2 aerogel dispersed in aqueous methanol solutions with different
methanol concentrations plus photographs of the dispersions after an
irradiation time of 100 min. Irradiation was stopped after 100 min.
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814 N2.
25 Therefore, a similar experiment with the as-synthesized

815 TiO2 aerogel was performed. 100 mg of the as-synthesized
816 aerogel sample was dispersed in 150 mL of an aqueous 2.5 mol
817 L−1 methanol solution and irradiated for 100 min under argon
818 to store electrons in the sample. Subsequently, the lamp was
819 turned off, and the gas flow was switched to nitrogen, flushing
820 through the dispersion for 7 h. Afterward, a salicylate test was
821 performed to determine the amount of produced ammonia.
822 Figure S10 shows the absorbance spectra of this salicylate test.
823 An absorbance peak is visible after the reaction time of 7 h (no
824 signal without N2), which relates to an obtained ammonia yield
825 of 5 μg L−1. This positive test for a dark nitrogen reduction
826 reaction with stored photogenerated electrons on an as-
827 synthesized TiO2 aerogel sample gives rise to future research
828 work on such aerogels for photocatalytic ammonia generation,
829 in which the mechanism for this dark reaction will be
830 investigated, too. Nevertheless, it opens up possibilities to
831 optimize reaction conditions for the charging process and the
832 dark reduction reaction separately in the future.

4. CONCLUSIONS

833 Mesoporous TiO2 aerogels with large surface areas were
834 prepared via acid-catalyzed sol−gel synthesis and supercritical
835 drying. As-synthesized TiO2 aerogels and TiO2 aerogels
836 calcined at 300, 400, and 500 °C exhibit surface areas of
837 600, 184, 118, and 92 m2 g−1, respectively. Interestingly, even
838 without calcination, the as-synthesized aerogel is partly
839 crystalline with anatase crystallites.
840 TiO2 aerogels are able to store large amounts of photo-
841 generated electrons in surface trap states upon illumination in
842 water−methanol dispersions. The capacity to store photo-
843 generated electrons increases at lower calcination temper-
844 atures. Furthermore, the extent of electron storage also
845 depends on the methanol scavenger concentration. The
846 amount of stored electrons for a constant methanol
847 concentration was quantified by Pt4+ reduction and showed a
848 maximum amount of stored electrons of 22 μmol for the as-
849 synthesized TiO2 aerogel. The as-synthesized aerogel stores 1.7
850 times more electrons than commercial anatase nanoparticles.
851 Increasing the calcination temperature to 500 °C results in a
852 decreased surface area but strongly increased hydrogen
853 evolution rates in photocatalytic experiments.
854 Finally, nitrogen reduction to ammonia in the dark was
855 performed with photogenerated stored electrons in TiO2
856 aerogels, separating the charge carrier photogeneration from
857 the nitrogen reduction reaction. This result paves the way for
858 future application of such tailored and cheap TiO2 aerogels in
859 solar fuel-on-demand processes.
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