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Exponentially enhanced photocatalytic alkane production
from biomass-derived fatty acid decarboxylation
via self-heating-induced conformational inversion

For the conversion of long-chain fatty acids into biofuels
through TiO,-based photocatalytic decarboxylation reaction,
the unavoidable relaxed heat could drop the upright linear
alkyl chain moiety of adsorbed fatty acids down onto the
catalyst surface, a process analogous to Chinese classical
long-sleeve dancing. This alters significantly the strain on
the C-COOH bond and favors the decarboxylation by

the photo-induced hole attack, thereby producing high
concentrations of long-chain hydrocarbons biofuels under
outdoor sunlight. The opposite is true for the short-chain
fatty acid counterparts.
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Broader context

Exponentially enhanced photocatalytic alkane
production from biomass-derived fatty acid
decarboxylation via self-heating-induced
conformational inversiony

Qiang Huang,#*® Chunlin Hao,%° Guibao Guo,*® Hongwei Ji,® Shengli An,**
Wanhong Ma (2 *@ and Jincai Zhao {0 %°

Heating is the most convenient means to enable unfavourable chemical reactions to upscale their
application, but it is rarely used in photocatalysis because its driving force has always been identified as
the intensity of excitable light and charge-separation efficiency, both of which are temperature-
independent and negatively correlated. Herein, we report that the heat from relaxed incident light could
significantly promote the conversion of long-chain fatty acids to alkanes with one less carbon atom
(Cp_1 alkanes) mediated by TiO, photocatalysis for bio-fuel preparation. Employing high-boiling-point
solvents could maximize the reaction temperature and allow the relaxed heat to accumulate within
substrate molecules with amphiphilic groups as bond strain is made available by deforming the long
C-chain onto the surface of TiO,. In this way, photocatalysis could run at high temperatures (~254 °C)
and under very concentrated sunlight (~26 W cm™2), with its scale upgraded from the traditional far less
than mmol L™ level to the unprecedented mol L2 level for a single output.

Improving the efficiency of photocatalytic reactions has been a long-sought goal, but it is generally considered that it is weakly temperature-dependent and

therefore cannot be significantly improved by heating. At present, improvement methods focus on modified catalysts. Therefore, the present study reports a
simple system that allows the output concentration of the photocatalytic long-chain fatty acid decarboxylation reaction to be upgraded beyond the mM limit to
the M level by the self-heating effect of the photocatalyst with unmodified TiO,, which can also be performed under focused outdoor sunlight. Owing to the
conformational change in the fatty acid adsorbed on the catalyst at high temperature, photoinduced electron-hole pairs changed the direction of attacking fatty
acid molecules, which led to an increase in reaction temperature dependence.

Introduction

Decarboxylation is a basic reaction in organic synthesis, which
can be used to produce fine chemicals and for other applica-
tions, especially the conversion of waste biomass-derived fatty
acids into high-value-added biofuels."” In China, about ten
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million tons of biodiesel are produced from fatty acids via the
catalytic decarboxylation process.>* Although fatty acids stem
from non-fossil biomass, decarboxylation operation commonly
requires a lot of fossil energy to power a temperature of
300-400 °C, ~20 MPa H, and transition metal-based
catalysts.” Instead, solar energy-powered photocatalysis has
the potential to allow this conversion of fatty acids into bio-
fuel via a safer method with lower environmental and produc-
tion costs. Photocatalytic technologies can utilize sunlight as a
driving force to produce electron-hole pairs with redox cap-
ability and then catalyse the transformation of many important
chemical reactions.®** However, after decades of research,
photocatalysis examples involving solid/liquid heterogenous
reactions that can replace existing traditional processes are
very rare because of their generalized poor single output
concentration (1-10> uM). One of the main reasons for this is
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that for almost all photocatalytic transformations that are
available to date, their turnovers cannot be increased linearly
with the increase in incident light intensity due to the com-
monly shared severe self-quenching effect of excited states
under high-intensity irradiation.’>'® Significantly differing
from thermal catalysis that enables mass production via the
input of considerable heat energy, photocatalysis generally fails
to directly store and re-use relaxed photons. Even for downhill
decarboxylation reactions in solutions,'” the situation has not
been fundamentally transformed. In the early 1970s, Bard and
co-workers found that short-chain fatty acids could be decar-
boxylated into C,,_; alkanes over TiO, powder under ultraviolet
light (<380 nm),"® the so-called photo-Kolbe reaction, but the
yields of alkanes were at a trace concentration level (nM). Since
then, some work has been conducted to improve this, and
although an algal photoenzyme with quantum efficiencies of
up to 80% has been reported'®* and related industrialization
strategies have been attempted,*® breakthrough progress in
decarboxylation efficiency targeted at practical scale production
is still lacking.?°222473¢

For a photocatalytic system that relies solely on solar energy
to achieve large-scale production, in theory, it at least requires
that the catalyst must cover most of the solar broadband
spectrum and is able to be effectively excited. However, for
any real photocatalyst, only a limited range of sunlight with
frequencies equal to or beyond the energy of the band gap (E,)
is available for reactions. The majority of the incident sunlight
below E, has to be converted to heat dissipation through
vibrational-rotational excitation of the solvent, reactant, cata-
lysts and even the reactor’s wall. Unfortunately, the heat formed
from excitation-relaxation, inner conversion (IC) of vibra-
tional-rotational excitation, or separated electron-hole pairs
recombination is hardly reused in the photocatalysis itself,
since there is a lack of the reverse IC or S; — S, mechanism
for common photocatalytic materials, unlike thermal activation
delayed fluorescence (TADF), where reverse intersystem cross-
ing (rISC) from long-life triplet excitation states is available.!
This is generally true for most photocatalytic reactions no
matter how high the temperature is raised, where the efficiency
is even lowered, since high temperatures accelerate the recom-
bination of separated electron-hole pairs too.'>**?* Plasma
catalysis was revealed to be more efficient under high light
intensity and temperature,®>*>> but it is limited to the use of a
lot of noble metals. Until recently, there have been few works
on the up-hill reactions reconsidering the elusive effect of
heating on the heterogeneous photocatalytic redox and sepa-
rated electron-hole recombination. For example, Zhou et al.
reported that the solar-to-hydrogen (STH) process in solar
water-splitting could be significantly enhanced when the water
temperature was raised from room temperature to 60-70 °C.*°Also,
our group work revealed the photocatalytic hydrogenated dehalo-
genation of polybrominated diphenyl ethers (PBDEs) on In,O; by
H, could be smoothly carried out only when the system tempera-
ture was at more than 140 °C,*” whereas when alcohol was used as
a hole sacrificial agent the dehalogenation at room temperature
was the nearly same rate as that at 140 °C.*® From these examples,
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we intuitively deem that these photocatalytic conversions initiated
by photoinduced holes at the valence band (h,;"), once they
become the rate-determining step, would exhibit a different
dependence between the reaction efficiency and temperature.
We previously reported some h,;'-initiated reactions that were
indeed able to become the rate-determining step.”® However, what
types of photocatalytic reactions could use the relaxed light
energies for lifting the reaction efficiency and what universal
mechanism it depends on are little understood at present. More
specifically, whether the manufacture of biofuels from fatty acids
by TiO,-based photocatalytic decarboxylation could significantly
accelerate and achieve a high substrate-concentration conversion
through self-heating from incident sunlight remains unknown.
In this work, through detailed investigation of the TiO,-
based photocatalytic conversion of long-chain fatty acids into
C,_, alkanes in solvents with different boiling points only by
using the relaxed heat from incident 410 nm light to boil the
system, we aimed to show that such a decarboxylation of long-
chain fatty acids involves such a thermally activated photoca-
talytic transformation. The fatty acid decarboxylation output
per single operation reached the mol L™ level and the output
efficiency at high concentration increased linearly with the
intensity of the incident light. Long-chain fatty acids from
C14 to C20 could all be smoothly converted into the corres-
ponding C,_; alkanes in a range of 80-95% yields under the
irradiation of a 768 W LED and a strong focus on the outside
sunlight (~26 W cm™?), respectively. Detailed mechanism
investigation indicated that, through forcing the upright long-
chains of the fatty acids down on the TiO, surface with the self-
heating means from the null photon energy for energy storage,
could strain the C-COOH bonds of the fatty acid to become
close to react with the separated electrons-holes more effective
to realize decarboxylation. Our results indicated that the
exhaust incident light energy was able to be used again to
further assist the promotion of decarboxylation promotion.

Results and discussion

Photocatalytic stearic acid decarboxylation enabled by a
photothermal conversion effect

We selected stearic acid as a model substrate to investigate
photocatalytic decarboxylation in a photoreactor equipped with
an air-cooled return pipe, in which n-tetradecane as the solvent,
N, atmosphere at normal pressure, and the well-known P-25
TiO, as the photocatalyst made up our typical acid reaction
system (Fig. S1, ESIt). Significantly different from small mole-
cular carboxyl acids, such as acetic acid and propionic acid, the
stearic acid adsorbed on the TiO, surface extended the TiO,
catalyst absorption edge from ~380 nm to ~420 nm, close to
the visible region (Fig. 1a). This is mainly because the long fatty
carbon chain hanging from the polar carboxyl is more favour-
able for delocalization of the conduction band electrons of TiO,
coordinated with carboxylate than that of short-chain acids,
which results in lowering the potential of the conduction band
of the TiO,, thereby leading to a redshift of the absorption band

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Adsorption of stearic acid on TiO,. (a) UV-visible absorption spec-
tra. (b) Diffuse reflectance FTIR spectra obtained at room temperature.

edge of Ti0,."” Also, the diffuse reflectance FTIR (DRIFT)
spectra (Fig. 1b) indicated that stearic acid was connected to
the surface of TiO, via an O,0’-bidentate coordination bond at
room temperature (referring to the latter, see Fig. 5). Accord-
ingly, a blue LED array light source (410 nm; the wavelength
distribution is shown in Fig. Sic, ESIT) with high power (total
power, 768 W, intensity, 10.25 W cm™?) was selected as an
excitation light source to excite the TiO,-C;3H360, complex for
photocatalytic decarboxylation. Upon the irradiation, the
0.05 M stearic acid in n-tetradecane solvent was rapidly con-
verted into the main product n-heptadecane in a 95.1% yield
and 95.4% selectivity in 0.5 h (Fig. 2a). In control experiments,
the stearic acid was thermally stable and was not converted
under light irradiation alone without a catalyst or in the case
with a catalyst but heated up to 254 °C by an external heat
source without light irradiation. The main C,_; product for-
mation was consistent with previously reported photocatalytic
transformations of small molecular fatty acids and even long-
chain ones under specially controlled room temperature
conditions,”” but the rate of decarboxylation was increased by
dozens of times. As expected, without any insulation measures
for our photoreactor, the temperature of the reaction suspend-
ing solution (25 mL) rose very rapidly and even reached the
boiling point (254 °C) of the n-tetradecane solvent to drive the
reflux reaction after 6 min light irradiation (Fig. 2b).
Obviously, this was a typical photo-to-heat event since TiO,
is an excellent material with a good photothermal conversion
effect.’’ The photothermal conversion efficiency 5 under solid
circumstances was 42.99% under sunlight and we measured #
to be about 3.89% under the solution conditions with 410 nm
light irradiation (for the detailed measurement method see the
ESIf). As a control, an Al,0;/C14 solvent suspending system
under identical irradiation conditions was tested and showed a
slightly higher temperature rise (up to about 100 °C) than the
pure solvent case, but significantly lower than that of the TiO,/
C14 solvent case (~254 °C) (Fig. 2b). This proved that TiO, had
a superior photothermal conversion effect than Al,O; under
incident light with a wavelength greater than 410 nm. All the
systems were allowed to reach boiling reflux while exposed to
highly focused outdoor sunlight (Fig. 2¢). Furthermore, the
photo-to-heat efficiency in this system exponentially decayed
with the intensity of incident light in n-tetradecane solvent
(Fig. S2c, ESIY). This is one of the main reasons why the TiO,-
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based photothermal conversion effect was often overlooked in
the past while the intensity of incident light was controlled as
very low. The decarboxylation system was discontinuously
externally heated to boiling at 254 °C. A significant increase
in n-heptadecane yield was detected only under light exposure,
suggesting that the reaction involved thermal-assisted photo-
catalysis rather than photo-driven thermocatalysis and that no
induction period existed (Fig. 2d). The slight increase in
n-heptadecane yield after switching off the light was attributed
to the continued conversion of the intermediates accumulated
during the light period (Fig. 2d). Initially, we followed the
conventional theory and believed that the heat created from
incident light irradiation would not provide an additional
benefit to this target transformation. To prove the point, we
carried out the same photocatalytic reaction in n-tetradecane
solvent but controlled the reaction temperature close to ambi-
ent temperature (35 °C) through strong wind-cooling. However,
there was very little conversion of stearic acid and little product
n-heptadecane formation under the same high-power irradia-
tion (see Fig. 2a, 3rd column). This seemed to be a serious
violation of the previous photocatalytic basis of the dependency
relationship between the temperature and the reaction rate.*?
We speculated that this anomalous relationship was due to
accelerated mass transfer due to the boiling behaviours of the
solvent accelerating the mass transfer of the substrate into the
catalyst surface. Therefore, other n-alkanes with boiling points
below and above that of n-tetradecane were tested for the same
photocatalytic conversion of stearic acid. Fig. 2e clearly shows
that although these n-alkane solvents all could keep the reac-
tion system boiling and refluxing, the yield of n-heptadecane,
without exception, increased with the increase in the boiling
point of the solvents. That is, without changing the intensity of
incident light at all, the higher the boiling point of the solvent,
the greater the resultant yield. This adequately evidenced that it
was the high reaction temperature rather than the boiling itself
that accelerated the decarboxylation of stearic acid. The light
excitation in our system should be divided into two roles:
(i) successful excitation used to produce e /h,," pairs for
launching redox events; (ii) invalid excitation that goes to
generating heat for in situ flattening the upright long-chains
of stearic acid to moved them close to the TiO, surface so as to
drive e, /hy,," decarboxylation (see the later description). Their
respective contributions to the overall reaction efficiency were
furthermore quantified. We determined the corresponding
apparent quantum efficiency (AQE) under different solvent
conditions (Fig. 2e) and found the AQE that was ~0.08% at
35 °C was increased to 36.67% at 286 °C with the n-hexadecane
solvent boiling. Considering the decarboxylation reaction at
forced locking near room temperature (35 °C) as a conventional
photocatalytic reaction, the AQE value means that 0.08% of the
light absorbed by the system was exploited in TiO, to generate
reactive e, /h,," pairs. When the reaction temperature was
locked by the solvent to 286 °C, the 36.7% AQE means that
36.6% (i.e. 36.7% — 0.08%) of the light absorbed by the system
was converted to effective heat (to force the C-COOH bond
of stearic acid to come close to the &,," sites for oxidation), by
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Fig. 2 Photocatalytic decarboxylation of stearic acid over TiO, at solvent-locked boiling temperature. (a) Comparison of the yield and selectivity for the
decarboxylation of stearic acid under different conditions. (b) Temperature increment for different reaction media under the same LED light irradiation
and (c) under focused outdoor sunlight. (d) Alternating on and off light experiments for the decarboxylation of stearic acid at solvent-locked temperature
(n-tetradecane, 254 °C) and full-course dark reaction at 254 °C maintained by an external heat source without light irradiation. (e) Yields and AQEs for the
photocatalytic decarboxylation of stearic acid at different boiling points with a range of n-alkanes acting as the solvent. (f) Promotion difference by the
self-heating effect between stearic acid and propanoic acids (from 35 °C to 125 °C). (g) TiO,-based photothermal catalytic decarboxylation of stearic acid
in some solvents with different polarities and boiling points. General reaction conditions: reaction solution volume (25 mL), TiO, (125 mg), stearic acid
(0.05 M), n-octadecane (internal standard, 0.05 M), reaction pressure (0.1 MPa), solvents locked reaction temperature, N, atmosphere, LED (410 nm,
10.25 W cm™2) irradiation for 15 min in (e) and for 30 min in (g). All the catalytic performance data in the figures are averages of at least three experiments.

which the AQE had increased by nearly 500 times. All of the
results demonstrated the decarboxylation of stearic acid was
photocatalyzed and could be significantly accelerated by the
self-heating originating from incident light irradiation. Instead,
when small molecule acids (e.g. propionic acid) were used as a
substrate to examine this self-heating effect on promoting
photocatalyzed decarboxylation, no obvious acceleration occurred
with control of the temperature from 35 °C to 125 °C (ensuring that

9458 | Energy Environ. Sci., 2024, 17, 9455-9466

propionic acid would not escape into the gas phase, from where
it could not completely return) (Fig. 2f), which was highly
consistent with previous observations. That is, the photocatalytic
decarboxylation of long-chain stearic acid is exceptionally
beyond our general understanding of the temperature sensitivity
of photocatalytic reactions. Next, after determining the influence
of other external factors, we focused on uncovering and con-
firming the novel mechanism behind the temperature effect of

This journal is © The Royal Society of Chemistry 2024
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long-chain fatty acid photocatalytic decarboxylation with great
practical potential.

We first screened other reaction conditions, including the
wavelength of incident irradiation (Fig. S3, ESIt), and found
that the yield increased with the decrease in the wavelength of
incident light under external heating to boiling (due to the
insufficient photothermal effect of TiO, under high wave-
length irradiation), indicating the absorbed light by TiO,
was able to play dual roles for photocatalysis and photo-to-
heat conversion. To further determine that it was not solely n-
alkanes as solvents that can cause the self-heating effect to
enhance the reaction efficiency, more varieties of solvents
were used to confirm the self-heating to boiling and the
temperature sensitivity of the photocatalytic decarboxylation
of stearic acid. As depicted in Fig. 2g, all the reaction solutions
were self-heated to boiling point under cold 410 nm light
irradiation with high power in spite of the polarity of the
solvent. However, the reactivity of the substrates with increas-
ing temperature was completely different for the non-polar
and polar solvent systems. For the former, the higher the
boiling point of the non-polar solvent, the faster the reaction;
whereas for the latter, the conversion of the substrate did not
increase even when the polar solvents reached a high boiling
temperature (see entries 5 and 7), suggesting that polar
solvents competitively occupy and even deplete the catalyst’s
active sites,*”*> thereby reducing the possibility of both
adsorption and reaction of the stearic acid on the polarized
TiO, surface. Such an adverse solvent effect in conventional
photocatalysis is common, which is also what has long con-
strained the large-scale conversion of photocatalytic reactions.
Under such circumstances, even rising temperatures will not
significantly change the competitive situation. However, when
there is a solvent and substrate with a completely different
polarity, like our stearic acid/TiO,/n-alkane solvent system, it
is possible for the solvent effect to enable only the substrate to
experience greater reactivity through a heat-forced change of
the adsorption conformation on TiO, active sites. This favour-
able solvent effect can be summarized as the synergistic effect
of two reasons: (i) n-alkane solvents do not compete with
substrates in adsorption on TiO,-active sites and, help the
decarboxylated products, n-alkanes too, to rapidly escape from
the active sites by their excellent compatibility at a similar
polarity, especially at high temperatures, thereby keeping the
catalyst operating at a high activity state; (ii) n-alkane solvents
with a high boiling point can accumulate the heat from the
TiO,-photothermal effect, and efficiently transfer this energy
to the long-chain moiety of the fatty acid substrate adsorbed
on TiO, sites, facilitating decarboxylation of the substrates
through changes of the conformation of the carbon chain
closer to the TiO, active sites. Thus, it is more conducive for
the non-diffusible &,," (into solution) to attack nearby sites. In
addition, we quantified the thermodynamic parameters for
the photocatalytic decarboxylation of stearic acid at various
temperatures ranging from 35 °C to 286 °C. The photocatalytic
decarboxylation of stearic acid followed first-order reaction
dynamics (Fig. S4, ESIt). The rate constant k at 286 °C was up
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to 4.19 x 10> s™', which was more than 410 times that at
35°C (1.0 x 107> s ).

Scope of fatty acids and performances under outdoor sunlight
irradiation

To confirm whether most of the biomass-derived linear chain
fatty acids were able to take advantage of this photo-to-heat
effect for enhancing photocatalytic decarboxylation, a series of
linear chain saturated fatty acids were studied under the
optimized reaction conditions (Table 1). In n-heptadecane
solvent (boiling point 292 °C), the fatty acids with a carbon
number more than C12 could be converted to their corres-
ponding n-alkanes less-one carbon in high yields (72-96%) in
15 min (Table 1, entries 1-11). In addition, we explored the
suitability of branched-chain fatty acids for this system, and
found that isostearic acid decarboxylates were similar to long
straight-chain fatty acids in enabling a relaxed heat-accelerated
conversion (Table 1, entry 19). However, their selectivity was a
little less than that of the straight-chain ones (~60.7% yield).
We believe that there could be some side reactions, such as
elimination reactions into diverse olefins, for the branched-
chain intermediates. The average output rates of C,_; n-alkane
products were 14.37-40.73 mmol g, ' h™" in our designed
reaction system, which was much higher than those previously
reported for photocatalysis and thermal catalytic transforma-
tions operated under harsh processes conditions (Table S1,
ESIt). When we scaled up the concentration of the substrate
stearic acid from 0.05 M to 0.5 M, the once-through output of n-
heptadecane product was obtained with very high concentra-
tions (~0.43 M) after 6 h irradiation (Table 1, entry 5), which
was 5 orders of magnitude higher than the previous semicon-
ductor photocatalytic and algal photoenzyme transformations,
which were limited in the range of 1-10°> uM order of magni-
tudes in a once-through operation.?" This is the closest to the
practicality of high-flux fatty acids conversion so far. More
importantly, in a concentration-scale reaction of mixtures of
fatty acids, various fatty acids could be converted indepen-
dently at the same time, affording the corresponding C,_;
n-alkanes in outstanding yields (~85%, entry 18 in Table 1).
This showed the practicality of this operation for industrially
crude fatty acids conversion (because there were mixed raw
fatty acids for most occasions). Moreover, the TiO, catalyst
presented similar C,; n-alkane yields across five cycles
(Fig. S5a, ESIT), and the XRD patterns of the catalyst after the
fifth catalytic run showed little change in its crystal structure
(Fig. S5b, ESIT). The BET surface area even increased after the
fifth catalytic run, presumably due to the depletion of residue
hydroxyl groups or H,O on the TiO, surface (Fig. S5d, ESI) and
the well-known self-cleaning action created by UV light irradia-
tion on the TiO, surface.*® The cryogenic ESR feature of the
TiO, sample did not change fundamentally before and after the
photothermal reaction, and no significant peaks of carbon-free
radicals and trapped/accumulated electrons (i.e. Ti’*) were
observed (Fig. S5c, ESIT). This indicated there was little of the
carbon deposition and Ti****redox on the used TiO, surface
that traditional thermal- and photocatalysis systems are often
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Table 1 Light-driven self-heating for the decarboxylation of fatty acid and fatty acid mixtures over TiO,

TiO,, hv

R-CH,-COOH » R-CH,H + CO,
- Boiling long-chain n-alkane solvent

Entry Substrate Boiling point (°C) Product Conv. (%) Yield (%)
1 C3,H440, (behenic acid) 306 (8 kPa) Cy1Hay (n-heneicosane) 100 95.6
2 C,1H4,0, (heneicosanoic acid) 292 (5.3 kPa) CyoH,, (n-eicosane) 100 96.7
3 Cy0H400, (arachidic acid) 328 Cy9H, (n-nonadecane) 100.0 96.6
44 C19H350, (nonadecanoic acid) 300 C;3H3g (n-octadecene) 100.0 93.3
5° C15H360, (stearic acid) 383 Cy7H36 (n-heptadecane) 99.7 95.1
100.0 86.2°
6 C17H340, (heptadecanoic acid) 363 Cy6H34 (n-hexadecane) 100.0 85.6
7 C16H3,0, (palmitic acid) 351 Cy5H3, (n-pentadecane) 100.0 84.5
8 C15H300; (pentadecanoic acid) 339 Cy4H; (n-tetradecane) 100.0 85.3
9 C14H,50, (myristic acid) 326 Cy3H,g (n-tridecane) 100.0 79.1
10 C13H,60, (tridecanoic acid) 312 C1,H,6 (n-dodecane) 100.0 76.1
11 C12H,40, (lauric acid) 298 C11Ha,4 (n-undecane) 100.0 72.3
12 C11H,,0, (undecanoic Acid) 280 CyoH,, (n-decane) 100.0 66.8
13 C10H200;, (capric acid) 268 CgHy, (n-nonane) 100.0 64.7
14 CgH; 30, (nonanoic Acid) 254 CgH, g (n-octane) 88.0 57.8
15 CgH;60, (caprylic acid) 239 C,H;¢ (n-heptane) 100.0 45.8
16 C,H,,0, (caprylic acid) 223 CgHy4 (n-hexane) 100.0 38.6
17 CeH1,0, (hexanoic acid) 205 CsH;, (n-undecane) 100.0 36.7
18¢ Stearic acid & palmitic acid (mol ratio = 1:1) — n-Heptadecane 97.4 86.0
n-Pentadecane 89.5 85.4
19 C1sH3s0,(Isostearic acid)w 382 W 100.0 60.7

General reaction conditions: reaction solution (25 mL), substrate concentration (0.05 M), n-octadecane (internal standard, 0.05 M), TiO, (125 mg),

n-heptadecane solvent locked reaction temperature (292 °C), reaction pressure (0.1 MPa), LED (410 nm, 10.25 W cm ™~
the catalytic performance data in the table are averages from at least three experiments.
Tetradecane solvent locked reaction temperature (254 °C), irradiation for 30 min.

%) irradiation for 15 min. All
“ n-Eicosane as an internal standard (0.05 M). ”

¢ Stearic acid concentration (0.5 M), 6 h. ¢ Stearic acid (0.25 M)

and palmitic acid (0.25 M), n-tetradecane solvent locked reaction temperature (254 °C), irradiation for 6 h.

faced with. Even extended to 30 photocatalytic cycles, the TiO,
photocatalyst still showed no significant loss of activity or
change in catalyst properties (Fig. S6, ESIT), demonstrating its
potential for the industrial transformation of long-chain fatty
acids upon solar exposure. All the results demonstrated the
outstanding stability of this “star” catalyst in such photother-
mal catalysis.

It is worth noting that for the straight-chain fatty acids with
a carbon number below C12, their yields decreased signifi-
cantly with the decrease in the C-number of fatty chains at the
boiling point of n-tetradecane (see entries 12-17 in Table 1).
We initially believed this was due to the shorter contact times
between these low boiling-point substrates and TiO, compared
to that of the long-chain ones, because the majority of the low
boiling-point substrates escaped from the suspending solution
in to the gas phase. The results in Fig. 2f show the very close
rates in the photocatalytic conversion of propionic acid
between 125 °C and 35 °C, differing from the stearic acid case
under identical conditions, clearly indicating it was the size of
the fatty chain of the fatty acids that decided the temperature
sensitivity rather than the simple evaporation degree of the
fatty acids. Now, it could be summarized that the short-chain
fatty acids could be transformed at room temperature but there
was no temperature-dependent yield; while the long-chain ones
showed just the opposite case. We anticipated this photocata-
lytic conversion of long-chain fatty acids into value-added
alkanes by means of self-heating could be carried out on a
large scale under outdoor sunlight irradiation. Thus, we scaled

9460 | Energy Environ. Sci., 2024, 17, 9455-9466

up the experiment from 25 mL to 500 mL (0.05 M stearic acid).
For this purpose, the outdoor sunlight was concentrated by a
collecting mirror (equipped with a dish light concentrator
with automatic solar tracking, with a collecting mirror area of
~3.3 m?), and the focused incident irradiation area was
132 cm” (Fig. 3 and Movie S1, ESIt). The light intensity was
enhanced from ~0.1 W ecm 2 to 21 W cm™?, which could
rapidly heat the reaction solution to boiling (note, the reactor
was without any insulation measure mainly for the sake of
observation. In practical application though, the size of the
collecting mirror could be significantly reduced if the photo-
reactor was well isolated). The decarboxylation reaction was
nearly finished within 120 min, and the yield of n-heptadecane
reached ~89% (Fig. 3b). We further expanded this photocata-
lysis to be more scaled up to 1500 mL with an initial 0.1 M of
stearic acid. Therefore, we used a larger collecting mirror (area
~9.5 m®) to provide the larger light area (314 cm?, 26 W cm™?)
required for the larger-scale reaction (Movie S2, ESIf).
As expected, although the light receiving area was not increased
by 6 times (should be 6 x 132 = 792 cm?), the decarboxylation
reaction still finished in 120 min under nearly similar light
intensity (Fig. 3c). The almost constant output rate as in
expanding the reaction volume (see Fig. 3c) showed a different
kinetics feature than that of traditional photocatalysis. Thanks
to the product’s rapid removal from the TiO, surface and
always constant occupancy of the substrate on TiO, active sites,
the output rate per unit volume concentration of TiO, in
our system should be exclusively decided by the reactivity of

This journal is © The Royal Society of Chemistry 2024
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conformation of the substrate’s molecular strain induced on
the TiO, active sites. Once the temperature of the system
remained the same at the boiling point, the conformational
change was consistent, and the photocatalytic output rate per
unit volume concentration of TiO, should be the same regard-
less of the increase in volume. We obtained a 78.9% yield of
product isolation by reduced pressure distillation (see ESIT
sunlight collection device section). NMR and MS analyses
proved that the isolated product was n-heptadecane (Fig. S7,
ESIY).

In situ observations of the decarboxylation reaction by ESR,
FTIR, and XPS

Why does the temperature-rate dependency in the TiO,-based
photocatalytic decarboxylation at the n-tetradecane solvent
boiling point only work for long-chain fatty acids of more than
twelve carbons? And why do these short-chain ones, such as
propionic acid, not work? According to the above temperature-
dependent transformation results, namely, the shorter the
chain of the fatty acids is, the less their transformation depends
on the temperature. The typical photo-Kolbe decarboxylation
process®®*” should be reconsidered from its oxidation step of
photoinduced #,;," predominating over the reduction step of
the conduction band electrons (e; ), which would have a
prerequisite for cleavage of the C-COO™ bonds of fatty acids.
In situ ESR determinations of the photocatalytic conversion of
several linear fatty acids were carried out at a much lower
temperature (~100 K) for direct observation of whether photo-
induced hy," could still react with short-chain fatty acids
(Fig. 4a). Generally, signals with g = 2.007, g = 2.014, and the
shoulder at about g = 2.020-2.028 arose from a typical photo-
induced hy," centre of P-25 TiO,, while a sharp signal at g* =
1.990 and shoulder at g!! = 1.957 were also observed, assigned to
lattice electron trapping sites in anatase TiO,. Previous studies
have suggested the location of the h,;," traps to be either surface
OH sites*®™° or subsurface oxygen anions.>*> Upon irradiation

This journal is © The Royal Society of Chemistry 2024

with a xenon lamp, the features of trapped e, did not show much
difference between the C18 and C3 cases. However, the charac-
teristic peaks of photoinduced 4,," were significantly suppressed
from the C5 case onwards, while they nearly completely disap-
peared for the C3 acid case. Instead, the C-centred radical was
formed, indicating that the C3 acid was still able to be oxidized by
the photoinduced A,;" even at 100 K. On the contrary, very distinct
h,," characteristic peaks were observed for both the C12 acid and
C18 acid, which indicated that the photoinduced %, really did not
react with them at 100 K at all.

Given that photoinduced A,,," plays a key role, what principle
makes the size of the fatty chain of acids initiate %,," oxidation;
in other words, what properties of the long-chain moiety of fatty
acid decide the exhausted photons converted heat available for
photocatalytic redox? To reveal the truth, we used in situ DRIFT
spectroscopy with programmed temperature means to observe
the situation of stearic acid on the TiO, photocatalyst surface
(Fig. 4b). The absorbance of the symmetric and antisymmetric
stretching vibration peaks of ~CH,~ (2925 and 2855 cm™ ") in
the non-polar long-chain moiety of stearic acid gradually
increased with the temperature increase (For the additional
high-temperature data, see Fig. S13, ESIT). Also, the antisym-
metric stretching vibration absorbance of the end group -CH;
rose, both of which indicated the whole process of the fatty
chain from standing up to setting down on the surface of TiO,
with the temperature increase. A typical wavenumber difference
between the antisymmetric stretching vibration absorbance of
-COO™, Av (1,5(CO0) — v5(CO0) = 1520 cm ™' — 1410 cm™ " =
110 cm™~')**** was obtained from the adsorption of stearic acid
to TiO,. Comparison with the spectrum of the dissolved stearic
acid (Av (v,s(COO) — 1(CO0)) = 1551 cm ' — 1410 cm ' =
141 cm ") indicated the formation of bidentate carboxylate
linkages (see Fig. S13c and d, ESIf). However, the antisym-
metric stretching vibration absorbance of -COO™ also increased
(1520 em™"), while the symmetrical stretching vibration absor-
bance increased insignificantly (1410 cm™"). This indicated that

Energy Environ. Sci., 2024, 17, 9455-9466 | 9461
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Fig. 4 In situ observations of the decarboxylation reaction. (a) ESR observation of the photocatalytic decarboxylation reaction by TiO, at low

temperature (100 K). (b) /n situ DRIFT spectra and 2D plot (c) of stearic acid over TiO, with a programmed temperature process (from 25 °C to
140 °QC). (d) In situ DRIFT spectra and 2D plot (e) of propionic acid over TiO, with a programmed temperature process (25-140 °C). (f) In situ XPS of
propionic acid and stearic acid over TiO,, respectively, at high temperatures. ESR sample preparation: 10 mg of 20 wt% TiO,-fatty acids were placed in

NMR tubes; then, the air in the tubes was replaced with Ar in a glove box.

the fatty chain portion of stearic acid was gradually attached to the
surface of TiO, driven by heat, and one of the bidentate coordina-
tion bonds between the carboxyl and TiO, was gradually destroyed,
resulting in a decrease in the stability of the complex relative to the
vertical bidentate coordination (1520 and 1410 em™"). On the
contrary for propionic acid, the absorbance of the symmetric
and antisymmetric stretching vibrational peaks of CH, and CHj;
(2980, 2926, 2887, 2855 cm ') decreased with increasing the
temperature (Fig. 4d), and the bidentate coordination remained
stable.>>"®

We expected further support from both angle-resolved XPS
at room temperature and in situ heating XPS determination for
stearic acid and propionic acid loaded on TiO,, respectively.
The angle-resolved XPS features (Fig. S14, ESIt) demonstrate
that the stearic acid and propionic acid differed in their carbon

9462 | Energy Environ. Sci., 2024, 17, 9455-9466

chain arranging patterns on the TiO, surface at room tempera-
ture. The former’s anchoring was far away from the TiO,
surface and its long carbon chain was upright, while the latter
was closer to the TiO, surface and the whole molecule lay flat
without distinction at room temperature. Furthermore, with
raising the temperature, new anchoring and arranging situa-
tions with bigger binding energies were developed in the stearic
acid/TiO, case, but no longer in the propionic acid case
(Fig. 4f). This suggested that temperature has a stronger effect
on stearic acid anchoring on TiO, owing to the length of the
carbon chain.

Inspired by Le Chatelier’s principle, we believe that the
adsorption stable state of stearic acid, which is achieved at
room temperature with the carbon chains upright on TiO,, is
broken when it reaches high temperature. Both in situ heating

57,58
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DRIFT-FTIR and XPS analyses demonstrated that such a change
from an upright to a flat C-COOH bond of stearic acid on the
surface of TiO, (see Fig. 5a) had indeed taken place with the
rising temperature. It is very possible that the flattened long-
carbon chain on the TiO, surface at the high temperature we
observed is a prototype of how Chatelier’s principle is obeyed.
Here, the increasing interaction between the non-polar chain
and polar TiO, surface with the rising temperature makes the
delocalization of the polarity of carboxylate spread to the entire
long-chain, just as high temperature can break the pattern
of a micelle formed by amphiphilic molecules in an oil/water
interface and cause the upright arrangement to collapse. The
change provides a new possible pathway for £,," oxidizing the
C-COOH bond, which once seemed too remote to work at room
temperature. In this way, A, -dominated oxidation of the
strained C-COOH bond followed by proton/electron coupling

This journal is © The Royal Society of Chemistry 2024

* activation over TiOs.

ropionic acid and stearic acid on the TiO, surface between 35 °C and 254 °C.

to the tiled C-terminal is easier than to the remote upright C-
COOH bond at room temperature. The more important con-
sequence of this is that bending the straight carbon chain of
stearic acid at high temperature results in a C-COOH bond with
more strain, i.e. invalid excitation relaxed into heat is converted
to internal energy and transferred to the a-C-COOH bond. Such
energy storage is very beneficial for &,;," subsequently cutting
off the C-COOH bond. However, short-chain carboxylic acids,
such as propionic acid, where the whole molecule including its
ethyl group is polar due to the little polarization isolation, are
prone to be close to the photoinduced #,," sites and oxidized
whether they are upright or prostrate to the polar TiO, surface
(Fig. 5a). In this condition, %,," oxidation is no longer con-
trolled by the a-C-COOH bond absence (Fig. 5a), but it does not
use the heat energy from the relaxed light irradiation anymore
because of the typically negative temperature-dependent

Energy Environ. Sci., 2024,17, 9455-9466 | 9463
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efficiency of general photocatalysis. Namely, the positive effect
of temperature accelerating the reaction collision probability
is totally cancelled out by the increase in recombination of
separated e, /h,;" pairs with the temperature. Thus, the short-
chain acids show no significant effect from the temperature.

We further verified this proposal with theoretical calcula-
tions. Straight-chain fatty acids were modelled to act with the
TiO, surface at an original angle of 45° and molecular dynamics
(MD) simulations were carried out at 35 °C and 250 °C, respec-
tively, to identify their stable conformations after adsorption.
After a 100 ps MD simulation, the carbon chains of stearic acid
at 250 °C showed some folding of the carbon chains from the
initial state towards the surface of TiO,, whereas they were
almost completely upright on the surface of TiO, at 35 °C
(Fig. 5b). That is, the change of conformation on the TiO,
surface with the temperature increases forced the entire stearic
acid molecule, including its carboxyl head, significantly closer
to the TiO, surface than the case at 35 °C (refer to Fig. S14
(ESIt)). This suggests the oxidative decarboxylation of photo-
generated h,," becomes easier. The total energy changes accom-
panied by the anchoring transition are shown in Fig. S15 (ESIT).
The carbon chain of propionic acid was too short to allow
visualizing the conformational changes on the model, but the
trend of adsorption changes could be reflected in the change of
C-C-C bond angles. The bond angle increased from 108° in the
initial state to 120° with the increase in temperature, indicating
that the propionic acid molecule tended towards a little more
chaotic arrangement at higher temperatures. The related MD
movies are shown in Movie S3 (ESIt). In addition, the bond
energy of the o-C-COOH bond changes calculated based on the
model provide additional support for the findings (Fig. S16,
ESIY). The results indicated that as the temperature rose from
35 °C to 250 °C, the upright of the long-chain of stearic acid on
the TiO, surface adopted a flat down conformation. In addi-
tion, compared to the short-chain propionic acid case, this
event of forcing the entire stearic acid molecule closer to the
TiO, surface also weakened the o-C-COO bond more (ABE ~
47 k] mol™") and made it more prone to be oxidized by
photogenerated %,,", ie the conformational shift brought
about a difference in reactivity. The results of the theoretical
calculations were basically consistent with our proposal of why
only long-carbon chain fatty acids enable the relaxed heat from
failure excitation to accelerate the main photocatalytic decar-
boxylation process.

Conclusions

We presented a combination of TiO,-based photocatalysis and
a photothermal conversion effect synergistic route to achieve
the high-flux conversion of long-chain fatty acids to C,
n-alkane biofuels under strong light irradiation. With a high
boiling point of n-alkane as the solvent, the high-power irradia-
tion was sufficient to enable the formed heat from invalid
excitation light to boil the reaction system above 250 °C and
to accumulate the strain of the target C-COO™ bond by forcing

9464 | Energy Environ. Sci., 2024, 17, 9455-9466
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the standing-up long-chain to become flat on the surface of
TiO,, which allowed the product to be obtained with high
concentrations (~0.5 M). This work demonstrates that the
inevitable photo-to-heat effect could play a significant role in
photocatalytic industrialization using small-sized reactors and
high-incident light intensity.
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