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Long-chain alkanes are among the most important chemicals 
in modern society as they are the major components in diesel 
and jet fuel and can be used as feedstocks for olefin and aro-

matic production1. The production of such alkanes from renewable 
biomass instead of fossil resources is very attractive and important 
for sustainable energy and chemical supply2–4. In this context, bio-
derived fatty acids are promising candidates, owing to their inherent 
structural similarities to diesel-type hydrocarbons, inedible nature, 
abundance and low cost5–7. A substantial amount of fatty acids are 
produced as low-value by-products in fat and oil processing and the 
pulp industry7–9.

Fatty acids can be transformed into alkanes via hydrodeoxygen-
ation; however, most of the established catalytic systems require 
harsh conditions (reaction temperatures ≥250 °C, H2 pressures 
≥2 MPa) that lead to intensive energy input and excessive H2 con-
sumption (≥3 molar ratio of H2 per reactant)6,10,11. Alternatively, 
hydrodecarbonylation and decarboxylation of fatty acids consume 
less or no H2, but elevated temperatures (≥300 °C) are required for 
C–C bond scission and are accompanied by unwanted cracking 
and coke deposition10,12–14. Such harsh reaction conditions dra-
matically challenge the overall energy efficiency of the proposed 
alkane synthesis, so a method capable of efficiently converting 
fatty acids into alkanes under mild conditions (ambient tem-
perature, low reaction pressure) with minimal H2 consumption is 
greatly desired.

Oxidative decarboxylation offers a method for fatty acid utiliza-
tion under much milder conditions (reaction temperatures ≤80 °C, 
ambient pressure)15,16, but the production of alkanes is dramatically 
challenged by the reactivity of radical intermediates; for instance, the 
alkane mixtures were always obtained in low selectivity (<50%)17–19 
for the photocatalytic decarboxylation of acetic acid and propionic 
acid over TiO2-based catalysts in aqueous solution. The generated 

radicals always tend to form chain-elongated products via C–C 
radical coupling20–22. Walton and colleagues investigated the homo-
coupling of radicals derived from carboxylic acid decarboxylation 
over Pt/TiO2, but the product yields varied markedly with differ-
ent substrates21,22, implying the uncontrollable reactivity of radi-
cal intermediates. Moreover, the radicals can successively oxidize 
to the corresponding cations, which subsequently form unwanted 
ethers, esters and even oligomeric hydrocarbons23–25; however, for 
the conversion of various fatty acids that contain 12 to 22 carbon 
atoms (which can be obtained from biomass processing in large  
quantities1,7), only alkyl radicals quenched by hydrogen yield the 
desired diesel-range Cn–1 alkanes. Wallentin et  al.26 and Nicewicz 
et  al.27 reported that homogeneous acridinium photocatalysts can 
achieve the hydrodecarboxylation of various carboxylic acids, but 
remain inefficient in the production of Cn–1 alkanes from long-chain 
fatty acids (yield <50%). Consequently, controlling the conversion 
of radical intermediates towards preferential termination with 
hydrogen while inhibiting C–C radical coupling and radical oxida-
tion remains a great challenge.

Herein we report a photocatalytic decarboxylation route for 
alkane production from bio-derived fatty acids under mild condi-
tions (ambient temperature, pH2

I
 ≤ 0.2 MPa). Long-chain alkanes 

can be obtained in ≥90% yield from fatty acids by using a Pt/TiO2 
catalyst under illumination. Interaction between the catalyst and H2 
forms a hydrogen-rich surface that promotes rapid radical termina-
tion with surface hydrogen species, thus efficiently inhibiting radi-
cal dimerization and oxidation reactions. The consumption of H2 
during this decarboxylation process is negligible owing to its inte-
grated photoredox cycle wherein photogenerated holes convert fatty 
acids into Cn–1 alkyl radicals that are subsequently combined with 
the hydrogen generated through electron-mediated reduction of the 
carboxyl protons, yielding Cn–1 alkanes (Fig. 1).
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Results
Photocatalytic decarboxylation of saturated fatty acids. We first 
performed the photocatalytic conversion of saturated fatty acids in 
an inert atmosphere. Previous reports reveal that TiO2 and TiO2-
based catalysts can efficiently degrade carboxylic acids under illu-
mination in spite of poor selectivity for alkane products (<50%)17–19; 
TiO2 and a series of metal/TiO2 catalysts were thus screened first, 
among which Pt/TiO2 displayed the highest activity for fatty acid 
conversion after light-emitting diode (LED) irradiation for 80 min 
(Fig. 2a), yielding n-heptadecane as the only detected product in 
gas chromatography analysis. Other metal oxide semiconductors 
with platinum deposits showed poor or negligible activity for the 
conversion of stearic acid, demonstrating the vital role of TiO2 for 
the photocatalytic decarboxylation. Consequently, Pt/TiO2 was cho-
sen for further study. After LED irradiation for 2 h, stearic acid, pal-
mitic acid and lauric acid—which are the most abundant saturated 
fatty acids in biolipids—were almost completely converted over Pt/
TiO2, but the desired Cn–1 alkanes were only obtained in a moder-
ate selectivity (60–74%) (Fig. 2b). Control experiments with a radi-
cal trapping agent and fatty acid mixture revealed the existence of 
active Cn–1 alkyl radical intermediates that were generated from 
hole-mediated decarboxylation (Supplementary Figs. 1 and 2)16,28. 
Substantial amounts of complex high-carbon hydrocarbons derived 
from radical dimerization, radical oxidation and successive oligo-
merization were detected (Fig. 2c and Supplementary Fig. 3)23,25, 
accounting for the unsatisfied selectivity of the desired Cn–1 alkanes. 
As the Cn–1 alkanes are derived from the combination of alkyl radi-
cals and hydrogen, further conversion of generated Cn–1 alkyl radi-
cals over Pt/TiO2 (oligomerization versus hydrogen quenching) 
determines the product distribution.

In previous reports, the products derived from photogenerated 
radicals varied dramatically for different carboxylic acids over TiO2 
(refs. 21,22), indicating the uncontrollable reactivity of the alkyl radi-
cals on TiO2 surface. We assumed that (as an alternative approach) 
boosting the hydrogen available to the alkyl radicals ought to facili-
tate the rapid quenching by hydrogen, thus restraining the unwanted 
oligomerization reactions. In view of this, we changed the inert 
reaction atmosphere to H2 (0.1 MPa). Surprisingly, the selectivity 
of the Cn–1 alkanes increased markedly (≥91%) and a particularly 

high selectivity of 96% was obtained for stearic acid conversion.  
As such, the formation of oligomeric hydrocarbons was dramati-
cally suppressed (Fig. 2b,c). In comparison with other metal/TiO2 
catalysts, Pt/TiO2 still displayed the highest conversion and selectiv-
ity for n-heptadecane production from stearic acid (Supplementary 
Fig. 4; more optimizations of the reaction conditions are listed in 
Supplementary Table 1). Acetonitrile was deemed to be the most 
suitable solvent, and decreasing the catalyst concentration and metal 
loading both led to lower conversion and Cn–1 alkane yield. Control 
experiments without catalyst or LED irradiation offered no conver-
sion of fatty acid, indicating that this is a photocatalytic process.

Influence of H2 on the production of Cn–1 alkanes. Compared with 
an inert atmosphere, H2 did not alter the conversion rates of fatty 
acids over Pt/TiO2 (Supplementary Fig. 5), but consderably promoted  
the production of the desired Cn–1 alkanes, demonstrating that the 
interaction between H2 and the Pt/TiO2 catalyst plays an important 
role in the preferential combination of alkyl radicals and hydrogen. 
The Pt/TiO2 catalyst was synthesized by an impregnation–calcina-
tion method, its powder X-ray diffraction (XRD) spectra reveal 
a characteristic pattern of mixed-phase TiO2 (Degussa P25) and 
no diffraction pattern of platinum was observed (Supplementary  
Fig. 6). The transmission electron microscopy (TEM) image shows 
that platinum nanoparticles are uniformly dispersed on TiO2 surface 
with a small average size of 1.7 ± 0.4 nm (Fig. 3a). In the X-ray pho-
toelectron spectra of Pt/TiO2, the binding energy of Pt 4f7/2 (71.3 eV) 
corresponds to metallic platinum on TiO2 (Supplementary Fig. 6)29, 
which is consistent with the result of CO-absorption Fourier trans-
form–infrared (FT-IR) spectra. The bands at around 2,060 cm−1 
and 1,821 cm−1 can be assigned to vibrations of linearly adsorbed 
and multibonded CO on metallic platinum, respectively30,31. These 
results illustrate that platinum nanoparticles are highly dispersed on 
TiO2 in metallic form; hence, H2 can activate and dissociate on plati
num nanoparticles at ambient temperature32. Moreover, platinum 
can efficiently accumulate photogenerated electrons for the reduc
tion of the protons derived from fatty acid dissociative adsorption 
(Supplementary Figs. 7 and 8)33,34; hydrogen dissociation and pro-
ton reduction therefore together enrich hydrogen on the platinum 
nanoparticles when the reaction proceeds in a H2 atmosphere.
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Fig. 1 | A schematic representation of a photocatalytic decarboxylation strategy for the production of alkanes from bio-derived fatty acids. The 
photocatalytic decarboxylation procedure is highlighted, and the interactions between photogenerated carriers (holes and electrons) and fatty acids are 
schematically shown in the photoredox cycle.

Nature Catalysis | VOL 3 | February 2020 | 170–178 | www.nature.com/natcatal 171

http://www.nature.com/natcatal


Articles Nature Catalysis

0

20

40

60

80

100

C
on

ve
rs

io
n/

Y
ie

ld
 (

%
)

a
Conversion

Yield

0

20

40

60

80

100

S
el

ec
tiv

ity
 o

f C
n–

1 
al

ka
ne

 (
%

)

0

20

40

60

80

100

C
onversion (%

)

b

500 750 1,000 1,250 1,500 1,750

PA

LA
Ar 0.1 MPa

H2 0.1 MPa 

SA PA LA

In
te

ns
ity

 (
a.

u.
)

SA

m/z

c

n-CH3(CH2)16COOH n-CH3(CH2)15CH3 + CO2

TiO 2

Ni/T
iO 2

Cu/
TiO 2

Ru/
TiO 2

Au/
TiO 2

Pd/
TiO 2

Pt/T
iO 2

Pt/B
i 2
W

O 6

Pt/B
iV

O 4

Pt/C
eO

2

Pt/Z
nO

Pt/W
O 3

Pt/N
b 2

O 5

Pt/S
nO

2

Fig. 2 | Photocatalytic decarboxylation of saturated fatty acids. a, Photocatalytic decarboxylation of stearic acids over different catalysts in argon 
(0.1 MPa) atmosphere with LED irradiation for 80 min. b, Photocatalytic decarboxylation of saturated fatty acids in argon (0.1 MPa, green) and H2 
(0.1 MPa, orange) atmosphere over Pt/TiO2, where the bars indicate the selectivity of Cn–1 alkane percentage and the scatter dots indicate the conversion 
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TOF MS) patterns after the conversion of different saturated fatty acids over Pt/TiO2 in argon and H2 atmosphere. Reaction conditions: catalyst (10 mg), 
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were determined by gas chromatography analysis. The error bars represent the relative deviation derived from parallel experiments.

Table 1 | The results of industrial crude fatty acids conversion over Pt/TiO2
a

Soybean fatty acidsTall oil fatty acids

C16 Acid C18 Acid C20 Acid Others

Hydrogenation Decarboxylation

Pt/TiO2, H2 0.1–0.2 MPa

C15–C19 Alkane mixture

n-CH3(CH2)13CH3

n-CH3(CH2)15CH3

n-CH3(CH2)17CH3

Entry Feedstock H2 pressure 
(MPa)

Conversion 
(%)

Molar yield of Cn–1 alkane (%) CO2 
yield 
(%)b

Carbon 
balance 
(%)c

n-C15 n-C17 n-C19 Others Total

1 TOFA 0.1 98 5 70 3 1 79 59 80

2 SBFA 0.1 97 13 73 <1 <1 87 59 88

3 TOFA 0.2 98 4 74 4 2 83 74 85

4 SBFA 0.2 93 15 76 <1 <1 92 66 97

5d SBFA 0.2 97 15 79 1 <1 95 68 96
aReaction conditions: industrial crude fatty acids (15 mg), catalyst Pt/TiO2 (10 mg), acetonitrile (1.50 ml), H2 atmosphere, the reaction solvent was stirred at ambient temperature in a H2 atmosphere in 
the dark for 60 min, followed by LED irradiation (365 nm, 18 W) for 120 min at 30 °C. bCarbon dioxide adsorption on the catalyst and dissolution in the solvent result in moderate yield. cThe formation of 
oligomeric hydrocarbons mainly accounts for the carbon loss. dExtra water (12 wt% with respect to feedstock) was added.
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However, given the fact that the alkyl radicals are generated by 
holes on TiO2 (Supplementary Fig. 8), there is a spatial separation 
between the hydrogen on the isolated platinum nanoparticles and 
the alkyl radicals on the broad TiO2 surface. Hydrogen enrichment 
on the platinum nanoparticles therefore does not directly account 
for the preferential radical quenching with hydrogen. Hydrogen-
temperature-programmed desorption (H2-TPD), in  situ FT-IR 
and electron paramagnetic resonance (EPR) studies were carried 
out to obtain further insight into this process. After exposure to 
H2 atmosphere at room temperature, the hydrogen species formed 
on Pt/TiO2 could be revealed by a H2-TPD study (Fig. 3b). The 
low-temperature peak can be assigned to desorption of hydrogen 
on metallic platinum, whereas the desorption peaks above 200 °C 
are relative to hydrogen species on TiO2 derived from hydrogen  
spillover30. Moreover, the interaction between H2 and Pt/TiO2 forms 
hydroxyls on TiO2, as seen in the in  situ FT-IR spectra (Fig. 3c). 
When Pt/TiO2 was exposed to a H2 atmosphere, an absorption band 
near 3,700 cm−1 immediately appeared and grew in intensity with 
prolonged exposure time, which can be assigned to O–H stretch-
ing modes of isolated surface hydroxyls35. Meanwhile, a broad 
band located near 3,370 cm−1 gradually developed and shifted 
to 3,305 cm−1 as the exposure time prolonged, demonstrating the 
formation of self-associated surface hydroxyls with interspecies 
hydrogen bonding as a result of continuous hydroxyl develop-
ment36. These results evidently verify the occurrence of hydrogen 
spillover from platinum onto TiO2. Furthermore, exposure to H2 
led to the partial reduction of TiO2 on Pt/TiO2, as revealed by EPR 
spectra (Fig. 3d). In an inert atmosphere, there are only some weak 
signals of oxygen defects that were formed during the preparation 
process37. By contrast, when Pt/TiO2 was exposed to H2 atmosphere, 
strong signals for Ti(iii) centres on both anatase and rutile phase of 

TiO2 were observed38, indicating the proton–electron pair nature of 
hydrogen on TiO2 (ref. 39). Along with the proton of the hydroxyl, 
an electron is localized on the adjacent Ti(iv) site, which leads to 
the partial reduction of TiO2 (Fig. 3d); thus, in addition to the active 
hydrogen on the platinum nanoparticles, the neutral proton–elec-
tron pair on TiO2 can also participate in alkyl radical quenching to 
yield alkane products via a heterogeneous proton-coupled electron 
transfer process40. Consequently, along with proton reduction and 
H2 dissociation, hydrogen spillover from platinum onto TiO2 forms 
a hydrogen-rich surface with abundant hydrogen on both platinum 
and TiO2, which facilitates rapid alkyl radical quenching with hydro-
gen before oligomerization (Fig. 3e) and results in high selectivity of 
the desired alkane. The highly dispersed metallic platinum nanopar-
ticles and fast migration of hydrogen on TiO2 substantially contrib-
ute to the development of such a hydrogen-rich surface (Fig. 3a  
and Supplementary Fig. 9)41.

Furthermore, the hydrogenation of CO2—a hydrogen-consum-
ing side-reaction that usually occurs at high temperatures42—did 
not occur in our system because of the moderate reaction condi-
tions (ambient temperature, low H2 pressure, Supplementary Fig. 5). 
Although H2 was employed to form a hydrogen-rich atmosphere, 
the net H2 consumption was minimal in our integrated photoredox 
cycle as the photogenerated electrons reduce protons to compen-
sate for the continuous consumption of the surface hydrogen by 
the hole-induced alkyl radicals. In an inert atmosphere, H2 evolu-
tion reduced the surface hydrogen on the catalyst (Supplementary  
Fig. 5), the alkane products were obtained only in moderate selec-
tivity as a result. A specific H2 partial pressure (≥0.1 MPa) was 
required not only to compensate for the hydrogen loss due to H2 
evolution, but also to steer the hydrogen flow to boost the sur-
face hydrogen concentration (Supplementary Fig. 10) as hydrogen 
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spillover is considerably dependent on H2 pressure43. Furthermore, 
as hydrogen extraction from the solvent by alkyl radicals was ruled 
out by the isotope-labelled experiments (Supplementary Fig. 11), 
surface hydrogen species serve as a green and efficient hydro-
gen source for alkane production in our system, instead of extra 
organic hydrogen donors26,27.

After thoroughly investigating the promotion effect of H2 in the 
photocatalytic decarboxylation over Pt/TiO2, we infer that such a 
rapid radical termination strategy can be applied to other catalytic 
systems. When using Pd/TiO2 as a catalyst in the conversion of 
stearic acid in an argon atmosphere, n-heptadecane was obtained 
with moderate selectivity (77%; Supplementary Fig. 12); however, 
when changing the inert atmosphere into H2 (0.1 MPa), the selec-
tivity markedly increased to 92%, which was comparable to that 
over Pt/TiO2. It can be further improved to 94% with higher H2 
pressure (0.2 MPa). Detailed characterization revealed that metal-
lic palladium nanoparticles are highly dispersed on TiO2 (ref. 44) 
and a H2-TPD study verified the occurrence of H2 dissociation and 
subsequently hydrogen spillover over Pd/TiO2 after exposure to 
H2 (Supplementary Fig. 12)45. Consequently, similar to Pt/TiO2, a 
hydrogen-rich surface forms over Pd/TiO2 in a H2 atmosphere, thus 

facilitating the rapid radical termination with surface hydrogen to 
produce Cn–1 alkane.

Photocatalytic decarboxylation of unsaturated fatty acids and 
fatty acid mixtures. Unsaturated fatty acids are the major compo-
nents of crude fatty acids, thus their conversions over Pt/TiO2 were 
also studied by employing linoleic acid as a typical substrate. The 
hole-induced alkyl radicals tend to attack the unsaturated C=C 
bonds of the substrate and induce polymerization46, which impedes 
the production of desired hydrocarbons. Indeed, n-heptadecane 
was obtained in a moderate yield (71%) over Pt/TiO2 in a H2 atmo-
sphere (0.1 MPa) (Fig. 4a), which is markedly lower than that of the 
saturated stearic acid conversion; however, no alkene was detected, 
implying the outstanding hydrogenation activity of Pt/TiO2 under 
moderate conditions (ambient temperature, low H2 pressure)47.  
A pre-hydrogenation procedure wherein the reaction solvent was 
stirred for 60 min at ambient temperatures in a H2 atmosphere 
before illumination was carried out to minimize the influence of 
C=C bonds in the substrate. Such pre-hydrogenation treatment 
can increase the yield of n-heptadecane to 95%, because 80% of 
the unsaturated fatty acids were converted into saturated ones after 
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the pre-hydrogenation procedure (Fig. 4b). The yield was further 
improved to 98% by increasing the H2 pressure to 0.2 MPa (Fig. 4a). 
Consequently, unsaturated fatty acids can be efficiently transformed 
into alkane products via a tandem hydrogenation–photocatalytic 
decarboxylation procedure over bifunctional Pt/TiO2.

The reaction results of various bio-derived fatty acids are sum-
marized in Fig. 4c. All of the studied feedstocks can be converted 
into corresponding Cn–1 alkanes in high yields (≥90%) at ambient 
temperature in a H2 atmosphere (0.1 MPa) (Fig. 4c, entries 1–5).  
More importantly, when utilizing mixtures of fatty acids as feed-
stock, different fatty acids can be simultaneously converted, 
offering alkane products in high yields (Fig. 4c, entries 6 and 7, 
Supplementary Fig. 13), which implies the potential of our method 
for industrial crude fatty acids upgrading. In a scale-up reaction of 
stearic acid, n-heptadecane was obtained in a promising yield (80%) 
over Pt/TiO2 under simulated solar light irradiation (Fig. 4c, entry 1).  
It is noteworthy that the average production rates ranged from 2.25 
to 3.49 mmol gcat

−1 h−1 for the conversion of different fatty acids in 
our system; these rates are highly comparable to or even higher than 
those of the thermocatalytic systems operated under harsh reaction 
conditions (Supplementary Table 2).

Conversion of industrial crude fatty acids. Encouraged by the 
above results, the conversion of industrial crude fatty acids was car-
ried out to verify the feasibility of photocatalytic alkane production. 
Utilizing non-food feedstock for green alkane production is pre-
ferred as it avoids competition with the food industry48,49. Inedible 
soybean fatty acids (SBFAs) and tall oil fatty acids (TOFAs), the by-
products of soybean oil refinery and the pulp industry, respectively, 
were thus employed in our research. These fatty acid mixtures are 
ideal feedstocks because of their low cost, abundance and easy avail-
ability1,7,8. They mainly consist of saturated and unsaturated C16, C18 
and C20 acids (Supplementary Fig. 14 and Supplementary Table 3); 
TOFA also comprises ~12 wt% of rosin acids and their derivatives. 
In a H2 atmosphere (0.1 MPa), TOFA and SBFA were converted into 
alkane mixtures in yields of 79% and 87%, respectively (Table 1, 
entries 1 and 2) through a tandem hydrogenation–photocatalytic 
decarboxylation procedure; the major products were n-pentadec-
ane, n-heptadecane and n-nonadecane (Supplementary Fig. 15). 
Increasing the H2 pressure (0.2 MPa) can suppress side-reactions 
(Supplementary Fig. 16) and increase the total yield of the desired 
alkanes to 83% and 92% for TOFA and SBFA conversion, respec-
tively (Table 1, entries 3 and 4). There is a considerable amount of 
moisture remaining in crude fatty acids depending on the indus-
trial processing and their conversion thus requires a robust water-
tolerant catalyst. In our system, the presence of water (12 wt%) in 
the SBFA had marginal influence on the catalytic activity of Pt/TiO2 
(Table 1, entry 5). Moreover, the Pt/TiO2 catalyst can be reused for 
at least four runs without subsantial loss in activity (Supplementary 
Figs. 17 and 18).

An industrial-scale process flow has been designed and simu-
lated—employing SBFAs as feedstocks—to evaluate the practical 
potential of our method for green alkane production; the model 
contains feedstock pre-treatment, photocatalytic reaction and puri-
fication units (Supplementary Fig. 19). A steady-state simulation 
using Aspen plus was conducted to obtain a rigorous material and 
energy balance based on the current reaction conditions and inven-
tory (Supplementary Fig. 20, Supplementary Tables 4–8). Life-cycle 
assessment was subsequently performed (Supplementary Fig. 21) 
and the results reveal that our system is currently uncompetitive in 
fossil energy saving and climate change mitigation compared with 
fossil-based diesel production (Supplementary Figs. 22 and 23) due 
to the high energy consumption. For instance, life-cycle green-
house gas emissions are 2.7–4.8 fold higher than those of conven-
tional diesel. Here, electricity contributes 60.4–74.9%, depending 
on regional energy supplies. More efficient electricity utilization is 

therefore the priority to make our system competitive, which can be 
achieved through an improved photocatalytic system with higher 
LED radiant efficiency and a robust photocatalyst with higher 
apparent quantum efficiency (AQE). Alternative low-carbon elec-
tricity supply can also directly make our process greener. Besides, 
denser substrate flow can reduce the energy for product purification 
and solvent recovery. Our system could become a green and com-
petitive process with considerable potential in energy conservation 
and greenhouse gas emission reduction through these synergistic 
process optimizations (Supplementary Figs. 24–27). At last, a theo-
retical plant with an annual capacity of 80 kilometric tonnes (kt) of 
long-chain alkanes was simulated, and it will save about 2 TJ energy 
and reduce 14.8 kt greenhouse gas emissions with an AQE of 0.15 
and a solvent-to-substrate ratio of 20 in a scenario where energy is 
obtained through photovoltaics.

Conclusion
We have developed a photocatalytic decarboxylation route to effi-
ciently upgrade bio-derived fatty acids into long-chain alkanes 
under mild conditions (ambient temperature, pH2

I
 ≤ 0.2 MPa), 

employing Pt/TiO2 as a robust and recyclable catalyst. Detailed char-
acterization reveals that in a H2 atmosphere, a hydrogen-rich sur-
face is formed on Pt/TiO2, which enhances the rapid combination 
of photogenerated alkyl radicals and surface hydrogen to yield the 
desired alkanes in high selectivity. The integrated photoredox cycle 
leads to a decarboxylation process with negligible H2 consumption. 
Various bio-derived fatty acids can be converted into Cn–1 alkanes 
in high yields (≥90%) and the average production rates are signifi-
cantly comparable to those of the thermocatalytic systems operated 
under harsh reaction conditions (high temperature and reaction 
pressure). Industrial by-products such as TOFAs and SBFAs can be 
readily transformed into alkane products in high yields (up to 95%) 
through a tandem hydrogenation-decarboxylation procedure. Our 
research represents an efficient approach for biomass upgrading via 
rational modulation of active intermediate conversion on a hetero-
geneous surface.

Methods
Materials and reagents. All chemicals are of analytical grade and used as 
purchased without further purification. Stearic acid (99%) was purchased from 
Macklin Reagent. Lauric acid (99.5%) was purchased from Energy Reagent. 
Linoleic acid (>97%), oleic acid (99%), palmitic acid (99%), n-heptadecane 
(99.5%), n-pentadecane (99.5%), n-hendecane (99.5%) and n-dodecane (99%) were 
purchased from Aladdin Reagent. Soybean fatty acids were purchased from Zibo 
Fengsen Lipid Chemical. TOFAs (F3) were purchased from Maya Reagent and 
reaction solvents were purchased from Sinopharm Chemical Reagent. Noble metal 
salts were purchased from the Non Ferrous Metal Institute of Shenyang.

Catalyst preparation. The Pt/TiO2 catalyst was prepared by an impregnation–
calcination method. TiO2 (0.5 g, Degussa P25) was added into a 20 ml aqueous 
solution of H2PtCl6 containing 5 mg of platinum. The slurry was stirred at room 
temperature for 12 h. The solvent was subsequently evaporated at 105 °C and the 
obtained solid was kept in an oven at 100 °C for 4 h for further dehydration. The 
dried powder was first calcined in air flow (30 ml min–1) at 400 °C for 4 h. When 
cooled to room temperature, the calcined sample was further reduced in H2 flow 
(30 ml min–1) at 350 °C for 4 h. The heating rate of both procedures was 10 °C per 
min. Other metal/TiO2 catalysts (including Ni/TiO2, Cu/TiO2, Au/TiO2, Ru/TiO2 
and Pd/TiO2) were prepared via a similar method except utilizing NiCl2·6H2O, 
CuCl2·6H2O, HAuCl4, RuCl3·xH2O and PdCl2·xH2O as metal precursors, 
respectively. Other platinum/metal oxide catalysts (including Pt/CeO2, Pt/BiVO4, 
Pt/Bi2WO6, Pt/ZnO, Pt/WO3, Pt/Nb2O5, Pt/SnO2) were prepared via a similar 
method except utilizing CeO2, BiVO4, Bi2WO6 and commercial ZnO, WO3, Nb2O5, 
SnO2 as supports, respectively. CeO2, BiVO4 and Bi2WO6 were prepared according 
to the literature50–52. The content of metal deposition in all mentioned catalysts was 
1 wt% relative to oxide supports unless stated otherwise.

Catalytic experiments. Photocatalytic decarboxylation of fatty acids was mainly 
carried out in a homemade LED photoreactor4. Stearic acid (0.05 mmol) and Pt/
TiO2 catalyst (10 mg) were added to 1.5 ml of acetonitrile in a quartz tube with a 
magnetic bar. The inner atmosphere was repeatedly evacuated by a water pump 
and recharged with argon (0.1 MPa) five times. The inner atmosphere was then 
repeatedly evacuated and recharged with H2 (0.1 MPa) five times. The quartz tube 
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was then irradiated by an LED (18 W, 365 nm) with continuous stirring at ambient 
temperature (30 ± 5 °C). The stirring rate was 550–600 rpm. For the conversion 
of some unsaturated substrates, including linoleic acid and industrial crude fatty 
acids, the reaction mixture was stirred for 60 min at room temperature  
before LED irradiation.

Several parallel reactions were carried out in each run of the cyclic test of 
the catalyst. After the reaction, one of them was chosen for derivatization and 
then gas chromatography analysis, whereas the catalyst in the rest reactions was 
separated by centrifugation and washed with hexane and ethanol several times; 
the catalyst was dried in vacuum at 40 °C for 6 h and then directly used for the 
next run.

In the scale-up reaction, 1 mmol of stearic acid and 200 mg of Pt/TiO2 catalyst 
were added to 30 ml of acetonitrile in a 100 ml Schlenk flask equipped with 
condenser coil. The inner atmosphere was repeatedly evacuated by a water pump 
and recharged with argon (0.1 MPa) five times; the inner atmosphere was further 
evacuated and recharged with H2 (0.1 MPa) five times. The reaction solvent 
was subsequently continuously stirred (600 r.p.m) under slow H2 flow for 3 h to 
completely remove O2. A xenon lamp (300 W) fitted with a filter of 250–400 nm 
was switched on and irradiated for 11 h with continuous water cooling. After the 
reaction, 30 ml of 1,2-dichloroethane was added and the flask was heated in an 
oil bath of 70 °C to form a uniform slurry; the volume of slurry was measured by 
a graduated cylinder. Finally, 3 ml of slurry was utilized for quantitative analysis 
after derivatization. A slightly lower yield for the scale-up reaction may result from 
incomplete oxygen replacement in the flask53.

Product analysis. After the photocatalytic reaction, dodecane (as the  
internal standard, dissolved in 1,2-dichloroethane solution), 100 μl of  
N,O-bis(trimethylsiyl)trifluoroacetamide and trimethylchlorosilane mixture (99:1),  
and 200 μl of pyridine were added in the reaction mixture. The mixture was heated 
in oil bath (60 °C) for 60 min for derivatization54. After filtration with a 0.22 μm 
Nylon syringe filter, the filtrate was used for further analysis.

The products in the liquid phase were identified by gas chromatography–
mass spectrometry (GC-MS, Agilent 7890A/5975C) with a HP-5 column. The 
injection temperature was 260 °C and the detection temperature was 280 °C. The 
column temperature was first held at 100 °C for 2 min and increased to 280 °C at 
a ramp rate of 10 °C per min. Highly pure helium was used as the carrier gas. The 
liquid products were quantitatively analysed by gas chromatography with a flame 
ionization detector (Agilent 7890 A) using a HP-5 capillary column. The injection 
temperature was 260 °C and the detection temperature was 280 °C. The column 
temperature was first held at 100 °C for 2 min and increased to 280 °C at a ramp 
rate of 10 °C per min; highly pure N2 was used as the carrier gas.

MALDI-TOF mass spectrometry (MALDI-TOF/TOF 5800, AB SCIEX) was 
employed to analyse the oligomeric hydrocarbons. After the reaction, the reaction 
mixture was mixed with 1.5 ml of toluene by ultrasonic treatment for 5 min. The 
solid catalyst was subsequently separated by a 0.22 μm Nylon syringe filter and the 
organic filtrate was used for MALDI-TOF mass spectrometry analysis.

The products in gas phase (CO2 and H2) were quantitatively analysed by a mass 
spectrometer (GSD320 Thermostar) and reaction gas analysis was conducted by 
Techcomp GC 7900 gas chromatograph (thermal conductivity detector,  
TDX-01 column).

All of the quantitative experiments were repeated at least twice to guarantee the 
accuracy of data.

The conversion, yield and selectivity were calculated as mole percent as follows:

Conversion mol%ð Þ ¼ 1� n Feedstock after reactionð Þ
n Feedstock before reactionð Þ

� �
´ 100% ð1Þ

Yield mol%ð Þ¼
P

nðProductÞ
nðFeedstock before reactionÞ ´ 100% ð2Þ

Selectivity %ð Þ¼ Yield ðmol%Þ
Conversion ðmol%Þ ´ 100% ð3Þ

For the conversion of industrial crude fatty acids, the alkane yield was 
calculated as mole percent as follows:

Yield mol%ð Þ¼
P

nðProductÞP
nðTheoretical productÞ ´ 100% ð4Þ

The carbon balance was calculated as mole percent as follows:

Carbon balanceð%Þ ¼
P

nðProductÞþnðFeedstock after reactionÞ
nðFeedstock before reactionÞ ´ 100% ð5Þ

The hydrocarbon oligomers formed by the alkyl radicals have a continuous 
and wide molecular weight distribution ranging from 400 to 1,800 according to 
the MALDI-TOF mass spectrometry analysis and so they can not be accurately 
quantified, thus mainly accounting for the loss in carbon balance.

General characterization. X-ray diffraction analysis was conducted on a 
PANalytical X-Pert PRO diffractometer, using Cu-Kα radiation at 40 kV and 
20 mA. The data were recorded over a 2θ range of 10–80°.

The TEM images were obtained by a JEOL JEM-2100 field emission 
transmission electron microscope at an accelerating voltage of 200 kV and the 
calculation of the size distribution of the platinum particles was based on more 
than 150 particles in the TEM images.

X-ray photoelectron spectra analysis was conducted on ESCALAB250Xi 
photoelectron spectrometer (Thermo) using Al-Kα (1,486.6 eV) as the exciting 
source. The basic pressure of the system was 3 × 10–8 Pa; the binding energy was 
calibrated to the C 1s signal (284.6 eV) as a reference.

Photoluminescence experiments were measured on a Photon Technology 
International QM 400 fluorescence spectrophotometer using a xenon lamp as the 
excitation source at room temperature; the excitation wavelength was 330 nm.

FT-IR spectra were collected on a Bruker Tensor 27 instrument. The catalyst 
samples (~30 mg) were pressed into a self-supporting disk (13 mm in diameter). To 
investigate the adsorption mode of the fatty acids on the catalysts, a trace amount 
of diluted stearic acid solvent (dissolved in acetonitrile) was added dropwise onto 
samples after the background spectra were collected. The sample was dried in air 
and the spectra were then collected. In situ FT-IR studies were also employed to 
obtain information about CO adsorption on catalysts and the interaction between H2 
and the catalysts. The catalyst sample (~30 mg) was placed in a homemade infrared 
quartz cell that is attached to a closed glass-circulation system; the quartz cell was 
then vacuumed, the sample heated to 300 °C for 1 h and subsequently cooled to 
30 °C. Background spectra were collected before CO or H2 injection; highly pure 
CO or H2 were supplied from a gas cylinder. For the study of CO adsorption on 
the catalysts, the spectra were recorded after the system had been vacuumed for 
30 min to remove the physically absorbed CO, whereas the spectra were collected at 
different exposure times for the study of the interaction between H2 and the catalysts.

EPR spectra were collected on a Bruker spectrometer in the X-band at 77 K with 
a field modulation of 100 kHz. The microwave frequency was maintained at 9.4 GHz. 
After catalysts were added into a paramagnetic tube, the inner atmosphere was first 
replaced by highly pure argon and sequentially purged by highly pure H2.

TPD experiments were conducted in a U-type quartz tube connected to a 
mass spectrometer (GSD320 Thermostar); 400 mg of catalyst sample was placed 
in a U-type quartz tube, heated to 450 °C and kept for 60 min in argon flow 
(30 ml min–1) to remove adsorbed species from catalyst surface. When the sample 
was cooled down to 25 °C, the flow was switched to H2 (30 ml min–1) for 60 min, 
followed by purging with Ar (30 ml min–1) for 40 min. The sample was then heated 
to 450 °C with a ramp rate of 10 °C per min–1 in argon flow and the TPD profiles 
were recorded simultaneously.

The AQE measurement was carried out using a Pyrex top-irradiation-type 
reaction vessel and a xenon lamp (300 W) fitted with a filter of 365 nm. The 
number of photons reaching the reaction solvent was measured by a calibrated 
silicon photodiode (LS-100, KEO Instruments) and the AQE was calculated as 
follows:

AQE ¼ nðFeedstock convertedÞ
nðPhotons irradiatedÞ ´ 100% ð6Þ

We assumed that one absorbed photon could convert one molecule of 
feedstock, and the AQE measured was conducted at a low conversion (≤20%). 
The AQE is 5.6 ± 0.4% (365 nm) for stearic acid conversion over Pt/TiO2 in H2 
atmosphere (0.1 MPa).

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author on reasonable request.
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