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Abstract:

Recently, carbon spherogels have been introduced as a novel monolithic aerogel composed
of hollow spheres. This material is conveniently obtained via polystyrene (PS) sphere templat-
ing. In the present study, we apply a water-soluble titania precursor (titanium(1V) bis(ammo-
nium lactate) to the aqueous sol-gel synthesis based on resorcinol-formaldehyde (RF) to ef-
fectively encapsulate titania. In this way, a very high mass loading of up to 59 mass% of titania
can be confined strictly to the inside of the hollow carbon spheres. In the final synthesis step,
carbonization at 800 °C has three simultaneous effects: Transformation of the RF coating on
PS into microporous carbon, PS template removal by decomposition, and formation of titania
due to precursor dissociation. A deliberate tuning of the microporous carbon shell, accessibil-
ity of the titania, titania amount, and titania’s polymorph is further demonstrated by thermal
treatment under a carbon dioxide atmosphere. In contrast to non-tuned or TiC-containing car-
bon spherogels, CO; activation of the composites results in a three orders of magnitude rise
of their photocatalytic activity towards hydrogen evolution reaction, which we evaluate using
flow and batch reactors. We further show that this effect is related to the partial etching of
the carbonaceous shell, which renders the TiO; surface accessible to the reactants in the so-
lution and allows for an efficient hole scavenging. Given the simplicity of the hybrid carbon
spherogel (HCS) composite fabrication, the high degree of control of their morphological char-
acteristics, and the striking effects of CO;-activation on performance, we strongly believe that
our results will interest a broad scientific community and contribute to the development of

similar carbon-inorganic composites.




Introduction

Phasing out our present-day use of carbonaceous energy sources, such as coal, oil, and gas, is
a key to enabling a more sustainable and more peaceful future for humankind. 2 Using non-
renewable energy sources has caused a dramaticincrease in the carbon dioxide concentration
in the earth’s atmosphere, leading to global warming and air pollution (by fine dust and aero-
sol soot).3 Green hydrogen, produced by water splitting* powered by renewable energy (pho-
tovoltaics, wind energy, or geothermal energy), could serve as a promising alternative energy
carrier for direct use (fuel cells) or interstage for synthetic fuel production.> ® Furthermore,
direct hydrogen evolution by photocatalytic water splitting represents an essential and op-
tional pathway.

The design of novel catalyst systems is under immense investigation, not only focusing on new
materials combinations but also concerning efficiency, long-term stability, and eco-friendli-
ness.” 8 The design of core-shell materials, fashioned by a porous carbon scaffold and an active
titanium-containing compound (e.g., titania) is one of the most promising strategies in photo-
catalysis today.? Hybrid carbon nanomaterials are accessible by bottom-up strategies (e.g.,
sol-gel, casting) or top-down approaches such as atomic layer deposition.®12 Another way of
obtaining carbon hybrid materials is by in situ conversion of, for example, metal carbides and
MXenes.'* 1 Encapsulating metal oxides into a porous, hollow carbon sphere scaffold also
enables their catalytic activity, electrical dissipation, good accessibility, and leaching protec-
tion. Various templating approaches, usually based on spherical silica’® or polymers combined
with sol-gel or hydrothermal synthesis,'® were developed to obtain hollow carbon sphere
powders.” Monolithic and reversibly compressible carbon spherogels were developed using
a polystyrene sphere templated gelation of resorcinol and formaldehyde.*® Further function-

alization with metal oxides can be achieved by thermally triggered impregnation with molten




compounds, for example, sulfur,’® germanium,?® or copper?!. Specific crystallization in the
sphere interiors (ship-in-the-bottle principle), can be achieved by selective etching, spray py-
rolysis, or layer-by-layer assembly. Via confined interfacial copolymerization, Au-seeds can be
incorporated into hollow carbon spheres.?? The most elegant routes feature a one-pot syn-
thesis to built-up hybrid hollow sphere materials.?%

This study introduces an advanced, one-pot template-assisted approach to preparing titania
encapsulated carbon spherogels. This new methodology allows us to build in-situ hybrid
nanostructured core-shell materials with a deliberately controlled morphology, a tunable ti-
tania loading, and extraordinary structural and chemical homogeneity. As the sol composition,
choice of solvents, pH value, and catalyst amount severely affect the gelation of resorcinol-
formaldehyde, identifying a water-soluble titania precursor was a fundamental prerequisite
for a successful protocol. Our strategy benefits from low-temperature sol-gel chemistry, low
equipment costs, and concomitant (more environmentally friendly than silica templating)
template removal during carbonization. Our work also investigates the effect of two different
post-processing approaches (CO; etching and thermal annealing under Ar atmosphere), on
the physicochemical properties of the hybrid TiO2/carbon spherogels and their impact on the
light-driven hydrogen evolution efficiency. Finally, we show that the accessibility of TiO2 nano-
crystals plays an essential role in allowing for quick utilization of the photogenerated holes
and that the carbonaceous shell encapsulating the titania layer can act as an electron media-

tor, allowing for their extraction and transport to the reduction sites.




Experimental

Chemicals

Technical grade acetone (> 99%) was purchased from VWR. Styrene (= 99%), titanium(IV)
bis(ammonium lactate) dihydroxide solution (50 mass% in H,0), polyvinylpyrrolidone (average
molar weight 40,000), resorcinol (99%), formaldehyde solution (37% stabilized with 10%
methanol) and sodium carbonate were acquired from Sigma Aldrich and used without further
purification. Potassium persulfate was supplied by Honeywell Fluka.

Synthesis of Hybrid Carbon Spherogels

The polystyrene (PS) spheres were synthesized according to Du et al.?® by an emulsion
polymerization reaction of styrene with potassium persulfate as an initiator and polyvinylpyr-
rolidone as a stabilization agent. The obtained PS sphere solution (average diameter:
275£3.5 nm, Supporting Information, Figure S1) was diluted to a final concentration of 9% by
mass. This aqueous PS solution was used as a templating agent for the carbon spherogels. To
prepare the organic gels, the resorcinol (R, carbon source) was dissolved in 25 g of 9% PS so-
lution under mild magnetic stirring for 10 min. Consecutively, the titanium precursor tita-
nium(IV) bis(ammonium lactate) dihydroxide (1.2 g (LOW), 2.5 g (MED), and 3.7 g (HIGH)) was
dripped into the solution and kept stirring for an additional 10 min. In the next step, formal-
dehyde (F) was added at a molar ratio of F/R = 1.5 followed by the addition of the NaCOs3 (C)
to catalyze the reactions. The final F/R/C/Ti was 1.5/52/0.6. Then, the pH was adjusted to 3
using a 2N HNOs aqueous solution, and the mixture was stirred for 1 h. Afterward, the mixture
was poured and sealed in cylindrical glass vials and placed in an oven for aging for 7 d at 80 °C.
In the next step, the gels were immersed in acetone (fresh acetone was exchanged every 24 h,

3 times) to remove the unreacted species and by-products. Upon the solvent exchange pro-




cedure, the wet gels were dried by supercritical extraction with CO; at 60 °C and 11 MPa. Fi-
nally, the obtained organic aerogels were carbonized in a tube furnace (alumina tube) in a
controlled Ar atmosphere (75 NL h?) at 800 °C with a heating ramp of 60 °C h%, and a dwell
time of 2 h. Upon cooling at room temperature, monolithic carbon spherogels were obtained.
Post-synthetic heat treatment was followed by one of the following methods: (1) Physical ac-
tivation with carbon dioxide (quality 4.5) in a tube furnace (800 °C, 600 °C h%, 30 min,
1 NL mint CO3 flow) or (2) annealing under argon atmosphere at 1100 °C for 120 min (Ar qual-

ity 5.0).

Materials characterization

The surface morphology of the carbon spherogels was analyzed by scanning electron micros-
copy (SEM), recorded with a Zeiss Ultra Plus instrument, using an in-lens secondary electron
detector and an acceleration voltage of 15 keV. Transmission electron microscopy (TEM) im-
ages were taken with a JEOL JEM F200 microscope, equipped with a cold field emission source
and a TVIPS F216 2000x2000 CMOS camera. The TEM images were obtained using an electron
acceleration voltage of 200 keV.

Nitrogen sorption isotherms were recorded on a Micromeritics ASAP 2420 surface area and
porosity analyzer at -196 °C and in a relative pressure range p/po from 10" to 1. Before analy-
sis, the samples were degassed at 300 °C for 12 h under vacuum (2.67 kPa). The obtained iso-
therms were analyzed using the MicroActive (Version 5.0) software. The usage of the non-
local density functional theory (HS-2D-NLDFT), allows the determination of the samples’ spe-

cific surface area (SSA) as well as pore size distribution (PSD).%”- %8




Raman spectra were collected in the spectral range between 100 cm™ to 3500 cm™ with a
532 nm laser excitation wavelength and a laser power of 4 mW on the sample. A Thermo Sci-
entific DXR2 Raman microscope was used, equipped with a confocal microscope BX41 (Olym-
pus Corp.) and a 10x objective with 0.25 numeric aperture, delivering a laser spot diameter of
approximately 2.1 um and a, therefore, laser intensity on the sample of about 1.2 mW um-.
The full range grating with 900 lines mm™ allowed with a 50 um pinhole-like entrance slit to
the spectrometer a spectral resolution (equivalent to the FWHM of the instrumental line
width) of about 1 cm™.

The thermogravimetric analysis (TGA) was carried out on a Netzsch STA 449 F3 Jupiter instru-
ment. The samples were heated at a rate of 10 °C min! from 20 °C to 1000 °C under Ar atmos-
phere.

The particle size distribution of the PS spheres was analyzed by dynamic light scattering (DLS),
using a Malvern Zetasizer instrument. Each measurement consisted of three separate DLS
measurements with 30 sub-runs each.

The crystallite size (D) was determined from the X-ray line broadening using Scherrer’s equa-
tion:

D= KA
~ Bcos6

where K is the shape factor (0.94), A is the X-ray wavelength (0.154 nm), B is the line broaden-
ing at half of the maximum intensity in radians (full width at half maximum: FWHM). The
FWHM values were determined by fitting the XRD pattern peaks for the lattice planes of the
corresponding anatase and rutile phases after subtraction of the line broadening of the instru-

ment.




Photocatalytic experiments

The hydrogen evolution experiments were carried out using a side-illumination slurry type
reactor (total volume of 9 mL) equipped with a monochromatic UV LED light source with an
incident light intensity of 0.49 W centered at 3656 nm (196 mW cm2, SOLIS, Thorlabs). The
experiments were performed either in a batch-type or a flow-type mode. The temperature of
the reactor solution was maintained at 15 °C using a water-cooling system (Lauda). The reac-
tion solution was stirred at 650 rpm throughout the experiment. In a single run, 1 mg of the
powdered photocatalyst was first dispersed in 2 mL of 1:1 by volume MeOH:H,0 mixture by
ultrasonication for 180 s. The mixture was transferred to the reactor; 125 uL of aqueous
H2PtCle solution was added, corresponding to 10 pg (1 mass%) Pt employed here as H» evolu-
tion co-catalyst. The solution was purged with Ar (flow rate of 15 mL min, controlled with a
mass flow controller from MCC-Instruments) to remove dissolved oxygen before starting the
illumination. In a batch-type mode, products of the photocatalytic reaction accumulated in
the reactor volume; the amount of evolved H; was analyzed with a GC-2030 (Shimadzu) in-
strument using a Micropacked-ST Column (ShinCarbon) and a barrier discharge ionization de-
tector (BID). Sampling was done using a gas-tight syringe (Hamilton). In a flow-type mode, to
deliver the products of the photocatalytic reaction to the detector, the reactor was continu-
ously purged with Ar carrier gas at a flow rate of 15 mL min’. The gaseous H, was detected
directly in the stream by an online gas analyzer (X-stream, Emerson Process Management)
equipped with a thermal conductivity detector. For both detectors, H, concentrations were
deduced based on a multilevel calibration. A typical H2 evolution profile (e.g., in Fig. 6B, Y-axes
to be the rate of H, evolution) obtained in flow-mode includes an induction period (increasing
H. evolution rate during the first 10 min) that is due to the fact the H, gas first needs to fill the

dead volume (e.g., reactor volume, tubing volume) to reach the detector. After this induction,




H, evolution reached a stable rate, which speaks for stable HER performance. In contrast,
when the rate changes over time, (de)activation of the photocatalytic system can be de-

duced.?® 3% When the illumination stopped, the signal returned to the baseline.

Results and discussion

Preparation of hybrid titania carbon spherogels

We recently reported a robust synthetic pathway to produce monolithic carbon spherogels in
aqueous media.?> This methodology is based on the gelation of resorcinol-formaldehyde as-
sisted with polystyrene spheres as a template.'® 3! The preparation of metal-oxide-loaded car-
bon spherogels based on this route requires the addition of an organometallic or metal salt
precursor to the sol-gel process. For instance, the common use of metal-acetylacetonate pre-
cursors is linked to low water solubility and low metal loadings. These aspects hinder the fea-
sibility of developing a flexible method based on these compounds. For example,
Ti(IV)(acac)2(QOiPr), presents high solubility in isopropanol (up to 50 mass%). However, the al-
cohol-water mixture in the sol-gel process provokes negative effects such as partial precipita-
tion, sample inhomogeneity, or even no gelation. We overcame these issues by using the wa-
ter-soluble titanium(IV) bis(ammonium lactate) dihydroxide.

The present study introduces preparing a set of hybrid carbon spherogel samples with varying
encapsulated TiO; amounts. In a typical synthesis, 1.2-3.7 g of CsH100sTi (NH4)2 is added to a
sol consisting of resorcinol (R), formaldehyde (F), and 9 mass% polystyrene sphere aqueous
solution. A general scheme of the synthetic protocol is shown in Fig. 1. In detail, the surface
of monodisperse, 275-nm-sized, negatively charged (Supporting Information, Fig. S1; pre-
pared by emulsion polymerization) polystyrene spheres serve as preferential sites for the at-

tachment of resorcinol-titanium (1V) precursor species. Subsequently, the addition of formal-




dehyde generates a polymeric RF layer around the spheres that eventually condenses, fol-
lowed by the formation of a wet gel of interconnected spherical particles (Fig. 1). At this stage,
the correct PS-to-RF ratio is critical, and an appropriate adjustment of the final pH since the
morphology of the particles varies drastically with the interplay of these synthetic parameters.
For instance, at PS concentrations below 9 mass%, we see a bimodal morphology of spheres
and RF nanoparticles (Supporting Information, Fig. S2A-C). At pH values above 3, dense aggre-
gates with an inner layer of TiO; and dispersed TiO; nanocrystals are obtained (Supporting
Information, Fig. S2A-B). The optimum synthetic conditions for homogeneity, core-shell par-
ticles arranged in a 3D network, and wet gel stability were met for an aqueous solution with
9 mass% PS and a pH value of 3. The resulting wet gels are subsequently dried with supercriti-
cal carbon dioxide to avoid severe shrinkage effects and carbonized under Ar atmosphere.
Here, within a one-step process, three transformations occur: 1) RF transformation to carbon
concomitantly with micropore formation, 2) titania-precursor decomposition yielding titania

crystallites, 3) and PS template removal due to thermal decomposition.
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Fig. 1: Schematic representation of the aqueous synthetic pathway to hybrid carbon sphero-
gels composed of hollow titania/carbon spheres starting from polystyrene colloids as templat-
ing agents, resorcinol and formaldehyde as organic precursors, and dihydroxy bis(ammonium-

lactato)titanium(lV) as titania source (SC = supercritical drying with carbon dioxide).

A set of samples using the optimized synthesis parameters (pH 3 and 9 mass% template con-
centration) with three different TiO2 loadings (LOW / MED / HIGH) were prepared. All samples
present an extraordinary homogeneity, as shown by scanning electron micrographs (Fig. 2). A
homogeneous 3D assembly is obtained at the optimized conditions with very well-defined
hollow spheres invariant with the TiO; loading. The ability of the carbon spherogel to maintain

the morphology, size, and shape irrespective of the titania loading is a strong advantage when

matching the composition to a specific application.

Fig. 2: Scanning electron micrographs of low, medium, and high titania-loaded spherogels as

obtained (A-C).
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For all these materials, the transmission electron micrographs reveal a hybrid carbon sphero-
gel (HCS) structure composed of hollow spheres with an inner titania layer surrounded by car-
bon (Fig.3A-C). Using polystyrene spheres with 275 nm diameter, we obtained hybrid carbon
spherogel samples with an interior diameter between 220 nm and 237 nm, which indicates a

typical slight shrinkage due to carbonization.
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Fig. 3: Transmission electron micrographs of low, medium, and high titania-loaded carbon

spherogels (A-C: as obtained; D-F: 30 min activated with carbon dioxide at 800 °C).

The thermogravimetric analysis (Supporting Information, Fig. $3) under synthetic air up to
1000°C revealed a residual of 31 mass%, 44 mass%, and 59 mass% (LOW, MED, HIGH), respec-
tively. These very high titania loading values have been enabled by using the water-soluble Ti-
lactate precursor system. For comparison, our previous work using Ti-acac was limited to a
loading of just 22 mass% of titania.?

Elemental analysis by STEM-EDX for the elements Ti, C, and O (Supporting Information, Fig. S4)
verifies the presence of a continuous, nano-crystalline, uniformly-sized titania layer sur-
rounded by carbon for low, medium, and high loaded samples. The different titania contents
are also supported by the profile scan plots (Supporting Information, Fig. S4) where a propor-
tional decrease in the C profile is evident as the Ti content increases. The HCS LOW sample

shows a dominant C concentration with significantly small Ti, and O content. In contrast, in
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HCS MED, the intensity is similar for all the components, and in the high titania-loaded sample

(HCS HIGH), the Ti signal appears stronger than C and O.

Post-synthesis thermal treatment and physical activation

For photocatalysis (and many other applications), the accessibility of titania through the mi-
croporous carbon shell is a critical factor. Commonly, thermal treatment can be applied to
improve the permeability of the porous carbon shell. For example, this can be done by gener-
ating micropores via long-term carbonization3? or physical activation with carbon dioxide.33 3
Besides increasing the micropore content by carbon etching, the relative amount of titania
(the titania-to-carbon ratio) can also be increased by activation as, unlike titania, only carbon
species are removed.

To generate a higher amount of micropores within the carbon layer, the obtained TiO,-carbon
spherogels are treated via two different approaches: a) annealing at 1100 °C under Ar atmos-
phere for 120 min or b) CO; treatment at 800 °C for 30 min (labeled with ‘AR’ or ‘CO>’, respec-
tively). As shown in Supporting Information, Fig. S5A, the samples treated under Ar resulted
in a slight crystallite size growth compared to the as-obtained counterpart (HCS LOW AR). The
X-ray diffraction analysis of the Ar treated samples revealed that such crystals belong to the
TiC phase (Supporting Information, Fig. S5B).

After CO; activation (hereafter HCS LOW CO;, HCS MED CO3, and HCS HIGH CQ3), the samples
showed an increase in the TiO; particle size, as visualized in TEM EDX images (Fig. 4), that
varies with the initial TiO; amount in the range of 8 nm to 27 nm. This tendency can be corre-
lated to the availability of TiO.. The low available TiO2 amount on the HCS LOW CO: limits the
aggregation and hinders particle growth. Conversely, the particle growth will be favored in the

samples with higher initial TiO, content because of a larger amount of available TiO;, as in the
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HCS MED CO; (18 nm) and HCS HIGH (27 nm). Not only was the particle size affected by the
initial TiO2 content but also the crystalline phase composition. At low TiO; content, the sample
is composed solely of anatase phase, as supported by the characteristic diffraction peaks
shown in the XRD pattern in Fig. 5A. The samples HCS MED CO,, and HCS HIGH CO; consist of
a mixture of anatase and rutile phases, as evaluated by Rietveld analysis. The formation of
either anatase or rutile is influenced by the size-dependency of the thermodynamic phase
stability.3> 36 For crystallites smaller than 13 nm, anatase becomes the thermodynamically sta-
ble phase, while with larger crystallite sizes, the rutile phase starts forming. Detailed values,
including the crystallite sizes, are given in Table 1.

Thermal annealing in carbon dioxide at 800 °C tailors the carbon shell as well.33 Carbon etch-
ing, thus partial carbon removal, with the result of additional micropore generation in the
shells, increases the relative percentage of titania in the samples in the range of 47-77 mass%

(determined by thermogravimetric analysis in synthetic air, Fig. 5B).
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Fig. 4: Scanning transmission electron micrographs, elemental mappings, and cross-sectional
elemental profiles of low (A), medium (B), and high titania loaded (C) spherogels after activa-

tion with carbon dioxide at 800 °C for 30 min.




Nitrogen gas adsorption isotherms were recorded at -196 °C to evaluate the porosity charac-
teristics of the samples. For all samples, typical type Il isotherms, according to the IUPAC clas-
sification,3’ representing a micro/macroporous morphology are obtained (Fig. 5C). The afore-
mentioned titania/carbon content in the samples is directly reflected in the micropore con-

tent, dominantly present in the carbon:

Table 1: Summary of the textural properties of titania-loaded carbon spherogels after carbon
dioxide activation obtained from TGA measurements, transmission electron micrographs, and

nitrogen gas sorption.

Sample Titania SSA Titania phase and | Crystallite | Titania parti-
content (DFT) content (%) size (nm) cle size (nm)
(mass%) | (m?g?) Anatase Rutile (XRD) (TEM)
HCS LOW CO, 47 1149 100 O 8 (anatase) 8
HCS MED CO, 64 691 92 8 11 (anatase) 18
7 (rutile)
HCS HIGH CO, 77 271 82 18 20 (anatase) 27
24 (rutile)

The highest nitrogen uptake (~ 200 cm? g* N, at STP) in micropores at relatively low pressures
is observed for the low-titania-loaded sample due to the highest carbon content. A pro-
nounced decrease is observed for the medium and high-titania-loaded samples, which contain
36 mass% and 23 mass% carbon, respectively. The corresponding specific surface areas, cal-
culated by applying the 2D-NLDFT method for heterogeneous surfaces, are as high as

1149 m? g'! for the low-titania loaded sample and decrease to 271 m? g (Table 1) according
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to the decrease of the carbon content. Typically, large macropores (e.g., sphere interiors of
230 nm diameter), encapsulated by a microporous carbon shell with pore diameters < 6 nm,
show a pronounced hysteresis effect due to cavitation.® We interpret the absence of this ef-
fect as the presence of a high amount of titania (> 47 mass%), which is blocking the pathway
for nitrogen desorption. Corresponding pore size distributions are shown in Fig. S6. While the
micropore size is similar for all samples, the cumulative depiction reveals the increase in car-
bon content from “High” to “Low”.

In addition to the increased surface area, another important feature of the CO; activation is
the possibility of avoiding the TiO,-to-TiC transition, thus stabilizing the TiO; phase either as
anatase and/or rutile polymorph. The Raman spectra (Fig. 5D) confirmed for all HCS CO, sam-
ples that the nature of the carbon shell is undisturbed by the CO; processing as well as the
TiO2 content as displayed by the typical coeval appearance of D-mode (~1345 cm™) and G-
mode (~1597 cm™) signals, which are distinctive bands of disordered, sp?-hybridized carbon
materials (Supporting Information, Table $1).3° All HCS CO, samples feature a peak area ratio
(Ao/Ac) of approximately 2.5 and thus reveal an incomplete crystalline characteristic with a
large contribution of amorphous carbon, similar to other resol-based carbon aerogels.?® Addi-
tionally, the disordered carbon structure is also marked by a broadening of the D-band and G-
band, which were evaluated by cumulative fitting after deconvolution into five bands, namely
D, D*, D**, G, and D’ (Supporting Information, Fig. $9).*> 4! The overlapping of the D’ peak
with the G peak, and associated also with the presence of the D peak as a typical signature of
disorder and defects in graphitic materials. The four Raman modes in the range of 150-650 cm”
L verify the presence of titania (predominantly anatase; Supporting Information, Table S2 ) in

all samples.30 42
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Fig. 5: Chemical and physical analysis of three different titania-loaded carbon spherogels
(LOW, MED, and HIGH) after activation with carbon dioxide at 800 °C (A) X-ray diffraction pat-
terns; (B) thermogravimetric analysis under synthetic air; (C) nitrogen sorption analysis; (D)

Raman spectra (titania modes marked by asterisks3% 42).

Photocatalytic hydrogen evolution

The photocatalytic performance of the CO;-activated, TiO;-loaded carbon spherogel samples
was evaluated towards light-driven H; generation from water splitting (i.e., hydrogen evolu-
tion reaction, HER) and compared to that of the as-prepared spherogels as well as the refer-

ence 1100 °C/Ar sample series. To minimize the effect of parasitic carbon absorption (Sup-
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porting Information, Fig. S7), we employed a narrow-band UV illumination source with emis-
sion centered at 365 nm aiming to trigger band-to-band excitation in TiO; as the main source
for photogenerated electrons.

Fig. 6A summarizes the photocatalytic H, generation rates measured using a batch reactor for
the series of as-prepared and Ar- and CO»-treated HCS samples with different TiO2 contents.
The as-prepared C/TiO, samples show only marginal Hz-evolution rates (0.0038-
0.0048 umol h), which we relate to the encapsulation of the TiO2 surface (required to release
the photogenerated charges at the solid/liquid interface) by a dense carbon layer. The anneal-
ing of the samples at 1100 °C in Ar results in an even poorer HER performance between
0.0012 umol h't and 0.0021 pmol h't. Based on transmission electron micrographs and X-ray
diffraction data (Supporting Information, Fig. S5), the high-temperature treatment leads to
the growth of TiO; crystallites accompanied by their conversion to HER-inactive TiC. In strong
contrast to the as-prepared and Ar annealed samples, CO; activation of HCS composites re-
sults in encouraging H, generation rates that are 2-3 orders of magnitude higher (Fig. 6A). The
level of activity of the HCS CO, samples is further validated using a flow-type HER reactor, as
demonstrated by the as-obtained on-steam H; evolution profiles shown in Fig. 6B. Based on
the insights of our comprehensive morphological and structural investigations (Fig. 5), these
HER rates can be assigned to the partial etching of the carbonaceous shells during the CO;
activation: it renders the TiO; surface accessible to the reactants in the liquid phase allowing

for efficient utilization of photoexcited charge carriers.
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Fig. 6: Rates of H, evolution obtained for the as-prepared (hatched bars), 1100 °C annealed
(half-tone bars), and CO;-activated (full bars) C/TiO, spherogel composites (A), H, evolution
profiles measured for the CO; activated composites with low, medium and high TiO, contents,
(B) and H; generation rates plotted as a function of illumination time measured in long-term
HER experiments exemplifying the most active spherogel photocatalysts with medium (64

mass%) and high (77 mass%) TiO, contents (C).

Fig. 6A provides further details on the TiO,-content-depending performance (dashed lines).
There is a noticeable increase in Hz-generation rates for samples with higher TiO; contents
independent of the treatment applied (for as-prepared, 1100 °C, and CO,-treated samples.
The trend is highly non-linear as a function of TiO, amount (exemplified in Supporting Infor-
mation, Fig. S8), suggesting that not only the increasing amount of absorption and catalytic
centers (i.e., TiO2 content) but also the accessibility of the carbon shell as well as the presence
of anatase/rutile mixed-phase (82-92 mass% anatase and 8-18 mass% rutile; Table 1) contrib-
ute to the overall performance. Such intrinsic anatase/rutile junctions were shown to be ben-

eficial for the performance of composites as they facilitate spatial charge separation.*® We
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have explored higher TiO; loadings as well (up to 95%). However, we have observed that the
as-prepared materials became unstable and did not maintain the desired morphology. Appar-
ently, there is an upper limit for addition of organometallic precursor amounts in the RF sol-
gel process with the result of inhomogeneous samples. It turns out that a certain amount (at
least 10-20%) of carbon (acting as a binder) is necessary to allow for the formation of our
hybrid spherogels. The highest activity value of around 9 pmol h is achieved for the HCS HIGH
CO; sample despite its lowest surface area (271 m? g%, Table 1). This value can be translated
to HER activity of more than 9 mmol h* g and constitutes one of the highest mass-normal-
ized rates compared to other C/TiO2 based nanostructures reported elsewhere.’

Given the simplicity of the HCS composite fabrication and the ease of C-to-TiO, content con-
trol, we were next interested in the long-term HER performance and stability of the prepared
photocatalysts under turnover conditions. Following the short-term flow-type H, evolution
experiments discussed above, Fig. 6C shows overnight HER runs featuring the most active HCS
MID CO; and HCS HIGH CO; composites. Both materials demonstrate stable performance (i.e.,
constant rates of H; evolution) without any apparent deactivation for at least 10 h of uninter-
rupted illumination, which commends these composites as robust and efficient photocatalysts
for H, production.

The best-performing HCS HIGH CO; was investigated after the photocatalytic HER run to elab-
orate on its integrity. Fig. 7A-B shows a collection of micrographs obtained for the samples
recovered from the reaction solution. Several main observations can be highlighted. First,
compared to neat HCS HIGH CO; (Fig. 4), the sample HCS HIGH CO, shows no severe changes
in its morphology: both the size of TiO; crystallites and the structure of the carbon layer seem

intact. Second, transmission electron microscopy reveals that the preferred location of Pt na-

21



noparticles (used here to provide HER sites) is on the outer shell of titania-encapsulating car-
bon (Fig. 7B). This observation suggests that the carbonaceous shell is sufficiently conductive
and allows effective extraction of the electrons from TiO; to the active H, generation centers
on Pt. Based on this, we can conclude that the main factor allowing for the high HER perfor-
mance of the CO;-activated HCSs is likely related to the effective consumption of photogen-
erated holes (scavenging by MeOH) at the TiO/solution interface, which is made available
during the CO,-etching process. Finally, based on the post-mortem analysis, we can also con-
firm the stability of the spherogel-like meta-structures that we believe govern the properties
of these versatile nanomaterials.'® 3! Neither the UV illumination nor the ultrasound treat-
ment or long-term stirring resulted in any significant structural collapse of the C/TiO2 spheres,

which one more time emphasizes their excellent stability.

Fig. 7: Post mortem TEM analysis of Pt-loaded hybrid spherogel samples demonstrates the

intact morphology of the spherogels after the catalytic run (A): Pt can be seen as bright nano-
particles decorating the C/TiO; spheres. Magnified view of a single sphere’s edge showing a

collection of TiO2 nanocrystals (highlighted with dashed white lines) embedded into a carbon
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shell which is rendered porous during the CO;-activation (B): photodeposition of Pt nanopar-
ticles on the outer part of the shell suggests that the electrons excited in TiO; are released at
the C/solution interface; the superior photocatalytic performance of the samples after CO»-
activation thus suggests the release of photoexcited holes at the TiO,/solution interface to be

the major factor limiting the performance of the as-prepared HCSs.
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Conclusions

We introduce a versatile synthesis method to obtain hollow-core carbon spheres with high
mass loading of titania. Our aqueous route to generate titania hybrid carbon spherogels allows
for high morphology control via PS sphere templating. Therefore, it is essential to use a suita-
ble water-soluble Ti-precursor and carefully adjust reaction parameters such as templating
amount, pH value, and RF dilution ratio. Titanium(IV) bis(ammonium lactate) is an ideal can-
didate, allowing titania loadings, solely arranged in the hollow carbon spheres, in the range of
30-60 mass%. Compared to silica-templating approaches, which commonly need hydrofluoric
acid to generate hollow carbon sphere materials, we benefit from an easy, thermally triggered
template removal during carbonization. The existence of a wide variety of transition metal
lactates evokes great promise to enlarge our strategy for encapsulating many other metal ox-
ides into carbon.

Physical activation with carbon dioxide, typically a powerful tool to tailor the micropore nature
of carbons, allows for the present materials and adjustment of the titania content and its par-
ticle growth. This post-synthesis treatment is further shown to be essential to render the
spherogels highly active photocatalysts for hydrogen evolution reaction. Our experiments
show that the thickness of the carbon layer and its partial etching via COz-activation control
the performance, which we associate with the degree of TiO; surface accessibility. This acti-
vation turns our hybrid spherogels into promising future photocatalysts comparable to other

graphene/carbon nanotube-TiO, materials.
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