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Efficient Conversion of Pine Wood Lignin to Phenol
Xianhong Ouyang,[a] Xiaoming Huang,*[a, c] Michael D. Boot,[b] and Emiel J. M. Hensen*[a]

Obtaining chemical building blocks from biomass is attractive

for meeting sustainability targets. Herein, an effective approach
was developed to convert the lignin part of woody biomass
into phenol, which is a valuable base chemical. Monomeric al-
kylmethoxyphenols were obtained from pinewood, rich in
guaiacol-type lignin, through Pt/C-catalyzed reductive depoly-
merization. In a second step, an optimized MoP/SiO2 catalyst
was used to selectively remove methoxy groups in these lignin

monomers to generate 4-alkylphenols, which were then deal-

kylated by zeolite-catalyzed transalkylation to a benzene
stream. The overall yield of phenol based on the initial lignin

content in pinewood was 9.6 mol %.

Lignocellulosic biomass holds great promise as a source of sus-

tainable chemicals replacing fossil resources. Lignin is the larg-

est renewable source of aromatics, which explains the substan-
tial interest from the chemical industry.[1] Many different meth-

ods have already been explored to depolymerize the recalci-
trant polyphenolic network of lignin into aromatic mono-

mers.[2] Among these, the lignin-first process (LFP) stands out
in terms of the high yield of monomers (in the form of alkyl-

methoxyphenols), using optimized catalysts to cleave the link-

ages that bind lignin fragments to hemicellulose and lignin in-
tralinkages.[3] Because the market demand for these alkylme-

thoxyphenols is relatively small, it is desirable to convert them
into bulk chemical building blocks.[4] For instance, Song et al.

described an approach to convert 2-methoxy-4-propylphenol

to terephthalic acid through demethoxylation, carbonylation,

and oxidation.[5] Other than terephthalic acid, the removal of
the methoxy functionalities and alkyl side groups can give
access to phenol, which is a valuable intermediate in the man-
ufacture of agrochemicals, detergents, plastics, pharmaceuti-
cals, dyes, and plasticizers.[6] We earlier explored a combination

of hydrodemethoxylation (HDMeO) and transalkylation of the
alkyl groups to a benzene co-reactant to obtain phenol from

the same lignin model compound in a one-step approach.[7]

Full conversion of 2-methoxy-4-propylphenol, representative
for guaiacol-type alkylmethoxylphenols obtained from LFP, was

achieved with a reasonable phenol yield of 60 %. The bifunc-
tional catalytic approach combined HDMeO catalyzed by Au/

TiO2 and transalkylation of the propyl side group to benzene
with a zeolite catalyst. The limited phenol yield is owing to the

low efficiency of the demethoxylation step, and the use of

gold also raises concerns about the scale-up of this process.
Earth-abundant metals (e.g. , Ni, Mo, Fe), which can replace

noble metals, and their corresponding oxide, carbide, sulfide,
and phosphide compounds have been reported as potential

candidates for the deoxygenation of biomass-derived mole-
cules.[8] Among them, transition-metal phosphides show prom-

ising properties in the selective removal of oxygen in lignin-de-

rived molecules without hydrogenation of the aromatic ring.
For example, 80 % of a gaseous guaiacol feed could be con-

verted by using a supported Ni2P catalyst, with benzene (60 %)
and phenol (30 %) as main products.[9] In this work, we ex-

plored the potential of metal phosphides in the bifunctional
upgrading of 2-methoxy-4-propylphenol to phenol as a model
reaction. Our approach was to first optimize the transition-

metal phosphide towards optimum HDMeO of 2-methoxyl-4-
propylphenol to 4-propylphenol. MoP/SiO2 was identified as

the most promising metal phosphide because the product
yield was 88 mol % without touching the aromatic ring. The

optimization of this catalyst in the bifunctional conversion of
2-methoxyl-4-propylphenol to phenol led to a phenol yield

close to 90 mol % at 350 8C at a high weight hourly space ve-
locity (WHSV) of 40 h@1. The optimized system and conditions
were then applied to convert an LFP-derived lignin oil from

pinewood into phenol. This strategy opens a new avenue in
the valorization of biomass towards bulk chemicals, contribu-

ting to a greener chemical industry.
We first optimized the HDMeO function by comparing FeP/

SiO2, CoP/SiO2, Ni2P/SiO2, WP/SiO2, and MoP/SiO2 using 2-me-

thoxy-4-propylphenol as a model compound. The metal phos-
phides were prepared by a two-step wetness impregnation

method of appropriate metal salts and diammonium hydrogen
phosphate, followed by reduction at 700 8C aiming at the con-

version of the metal oxide precursor to the corresponding
phosphide (see the Supporting Information, Section 2.1). Silica

[a] X. Ouyang, Dr. X. Huang, Prof. E. J. M. Hensen
Laboratory of Inorganic Materials and Catalysis
Department of Chemical Engineering and Chemistry
Eindhoven University of Technology
P.O. Box 513, 5600 MB Eindhoven
(The Netherlands)
E-mail : xiaoming.huang@ptgeindhoven.nl

e.j.m.hensen@tue.nl

[b] Dr. M. D. Boot
Energy Technology
Department of Mechanical Engineering
Eindhoven University of Technology
P.O. Box 513, 5600 MB Eindhoven
(The Netherlands)

[c] Dr. X. Huang
Current address : Polymer Technology Group Eindhoven (PTG/e) B.V. ,
P.O. Box 6284, 5600 HG Eindhoven
(The Netherlands)

Supporting Information and the ORCID identification number(s) for the
author(s) of this article can be found under :
https://doi.org/10.1002/cssc.202000485.

T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

ChemSusChem 2020, 13, 1705 – 1709 T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1705

ChemSusChem
Communications
doi.org/10.1002/cssc.202000485

http://orcid.org/0000-0002-9754-2417
http://orcid.org/0000-0002-9754-2417
http://orcid.org/0000-0002-9754-2417
http://orcid.org/0000-0002-9754-2417
https://doi.org/10.1002/cssc.202000485
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcssc.202000485&domain=pdf&date_stamp=2020-03-10


is a preferred support for metal phosphides.[10] Elemental anal-
ysis confirmed proper metal and phosphorus loadings and

metal-to-phosphorus ratios (Table S1 in the Supporting Infor-
mation). The formation of metal phosphides was evidenced by

XRD (Figure S1 in the Supporting Information) and X-ray pho-
toelectron spectroscopy (XPS; Figure S2 in the Supporting In-

formation).
The reduced catalysts were used to demethoxylate 2-me-

thoxy-4-propylphenol at 350 8C under 90 bar H2 pressure with

benzene as the solvent (Figure 1).[7, 11] The desired reaction is
the removal of the methoxy group from the model reactant,
which yields 4-propylphenol and methanol. Removal of the
phenolic hydroxyl group is more difficult and would lead to
the formation of propylbenzene, and aromatic ring hydrogena-
tion is another possible side reaction yielding propylcyclohex-

ane. The reactant as well as the aromatic products can also be

ring-alkylated by methanol. The lowest product yield was ob-
tained with the incompletely reduced Fe-based catalyst. CoP/

SiO2 converted 84 % of the reactant in the first hour with a
45 % yield of 4-propylphenol, 18 % methylated 4-propylphe-

nols, and 6 % n-propylbenzene. Although the product distribu-
tion was promising and aromaticity was retained, this catalyst

suffered from severe deactivation. A higher and more stable

conversion was attained with Ni2P/SiO2 as the catalyst. Howev-
er, a drawback of this catalyst was that hydroxyl group removal

and aromatic ring hydrogenation proceeded at substantial
rates, leading to the formation of n-propylcyclohexane. The

higher aromatic ring hydrogenation rate also led to hydroge-

nation of the solvent, which is highly undesired (Figure S3 in
the Supporting Information). WP/SiO2 showed a reasonable 4-

propylphenol yield of 40 mol % with a relatively small amount
of methylated 4-propylphenol byproducts. However, the con-

version rate was low with this catalyst. The best performance
was obtained with the MoP/SiO2 catalyst, enabling a near com-

plete conversion of 2-methoxy-4-propylphenol with an
88 mol % yield of 4-propylphenol. Remarkably, this catalyst can
remove the methoxy group without touching the phenolic hy-

droxyl group or the aromatic ring. The major byproducts were
methylated 4-propylphenols (10 mol %). Besides the nearly

quantitative yield of alkylphenols, the catalyst also exhibited
good stability during 6 h of reaction. Whereas the desirable se-
lectivity can be correlated to the intrinsic catalytic properties
of MoP, the high activity can be attributed to the significantly

higher dispersion of the MoP phase on silica compared with
the other catalysts, as judged from CO uptake measurements
(Table S1 in the Supporting Information). In contrast to the
other metal phosphides, TEM images show a high MoP disper-
sion (Figure S4 in the Supporting Information). The high dis-

persion of MoP can be related to the low mobility of (partially)
reduced Mo phases (Table S2 in the Supporting Informa-

tion).[12, 13] Because earlier work indicated that MoO3 is also a

potential catalyst for the deoxygenation of lignin monomers,[14]

we compared MoP/SiO2 to MoO3/SiO2 in our model HDMeO re-

action. Although MoO3/SiO2 can also convert 2-methoxy-4-pro-
pylphenol to the desired reaction product, MoP/SiO2 is much

more active and produces fewer byproducts. These results
highlight the unique ability of MoP/SiO2 for the selec-

tive removal of the methoxy group of 2-methoxy-4-

propylphenol by HDMeO.
Obtaining phenol from the demethoxylated inter-

mediate requires the removal of the alkyl group, for
which we explored transalkylation to another aromat-

ic molecule. Zeolites are shape-selective catalysts for
various kinds of alkylation/dealkylations reactions.[15]

These catalysts can also be involved in transalkyla-

tion, allowing a shift of alkyl groups from one aro-
matic molecule to another.[16] We exploited this latter

property by using benzene as a solvent, which is
present in excess compared with the lignin mono-

mer. In addition to the formation of valuable phenol,
this approach also increases the value of the benzene

stream because alkylated benzenes are more valua-
ble than benzene in the chemical industry. We select-
ed acidic HZSM-5 with Si/Al = 15 as a transalkylation
catalyst. In a typical reaction, a mixture of passivated
MoP/SiO2 (100 mg, particle size 75–200 mm) and

HZSM-5 (100 mg, particle size 300–500 mm) was
placed in a stainless-steel fixed-bed reactor (Fig-

ure 2 a). Figure 2 b (left) shows the results of catalytic

tests using a feed of 2-methoxy-4-propylphenol and
benzene (1:20 molar ratio) at 350 8C and 90 bar H2 at

WHSV = 40 h@1. The combined demethoxylation by
MoP/SiO2 and transalkylation by zeolite resulted in a

promising phenol yield of 83 % after 1 h. The propyl
chain was mainly transferred to benzene, yielding n-

Figure 1. Conversion for 2-methoxyl-4-propylphenol demethoxylation and product distri-
bution over different metal-phosphide catalysts: FeP/SiO2, CoP/SiO2, Ni2P/SiO2, WP/SiO2,
MoP/SiO2, and MoO3/SiO2. Pretreatment: catalyst (100 mg) was reduced in 100 mL min@1

H2 at 450 8C for 1 h. Reaction conditions: 2-methoxyl-4-propylphenol (5 mol %) in ben-
zene, 350 8C, 90 bar, 30 mL min@1 H2, WHSV = 80 h@1.

ChemSusChem 2020, 13, 1705 – 1709 www.chemsuschem.org T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1706

ChemSusChem
Communications
doi.org/10.1002/cssc.202000485

http://www.chemsuschem.org


propylbenzene and cumene. These products have particular

value in the current context because they can be converted to
phenol by oxidation.[17] Toluene and xylenes were other reac-

tion products, which were most likely obtained by alkylation of
benzene with methanol derived from the removal of the me-

thoxy group as well as isomerization reactions of cumene and

n-propylbenzene. Furthermore, the observation of diphenylme-
thane (3 mol %) points to condensation reactions, which could

explain the slow accumulation of heavy deposits (Figures S5
and S6 in the Supporting Information). Propane (1 mol %) was

found to be dissolved in benzene, whereas a small amount of
methane was formed in the gas phase owing to the propyl

guaiacol demethylation catalyzed by HZSM-5.[7] Although the

initial phenol yield was high during the first hour, the catalyst
deactivated, as evident from the slowly decreasing phenol
yield. This was clearly owing to a loss of the transalkylation ac-
tivity because the 4-propylphenol yield increased with time on

stream (Figure 2 b left). A similar trend was observed among
benzene-derived products, for which the propylbenzene yield

became lower with time on stream (Figure S7 in the Support-

ing Information).
To investigate the origin of this undesired activity loss, the

used HZSM-5 zeolite was separated from the catalyst mixture
by sieving (different particle sizes were used for the two cata-

lyst components) and analysis by XPS (Figure 2 a). XPS shows
that the used zeolite contains phosphate species as evident

from the P 2p signal at 134.9 eV (Figure 2 c). Importantly, the

zeolite component does not contain molybdenum nor other
(reduced) phosphide species (Figure 2 d). Thus, we can firmly

conclude that unreduced phosphate left over from the prepa-
ration migrated from the MoP/SiO2 component to HZSM-5

during the ongoing reaction. Although phosphate is regarded
as a promoter for the hydrothermal stability of HZSM-5, it

strongly interacts with Brønsted acid sites of zeolites, lowering

the total acidity and thus the activity.[18] This deactivation
mechanism was confirmed by the poor performance (lower

conversion and phenol yield) of a phosphate-modified HZSM-5
in comparison to a P-free HZSM-5 zeolite in 4-propylphenol

transalkylation (Figure S8 in the Supporting Information). Thus,

we can conclude that the zeolite acid sites are deactivated by
phosphate species migrating from the MoP/SiO2 to HZSM-5.

We also considered that these phosphate species can originate
from the passivation procedure of the MoP phase during the

reduction step and possibly the further exposure in ambient
air when loading the reactor. To verify this, we developed a
protocol in which the reduced MoP/SiO2 was directly mixed

with the zeolite catalyst and loaded into the reactor in a nitro-
gen-flushed glovebox. Figure 2 b (right) shows that this ap-
proach yielded a more stable catalyst system for phenol pro-
duction. A high and stable phenol yield of approximately 80 %

was obtained with cresol as the main byproduct. The alkylation
of benzene in this modified approach was confirmed, and the

yield of alkylated products with time on stream was also stable

(Figure S7 in the Supporting Information). Thus, preventing
MoP oxidation, which would otherwise generate phosphate

species, is a key factor in obtaining a stable catalyst for a high
phenol yield.

Recognizing the importance of avoiding phosphate, we opti-
mized the preparation of MoP by varying the reduction tem-

perature required to obtain the phosphide from Mo oxide and

phosphate precursors in the 600–900 8C range (Figures S9–S11
in the Supporting Information). The catalytic performance of

these differently reduced MoP/SiO2 catalysts was evaluated in
combination with HZSM-5 for the conversion of 2-methoxy-4-

propylphenol to phenol. The conversion in these tests was
complete, and the phenol yield was very high with typical

Figure 2. (a) One-pot conversion of 2-methoxy-4-propylphenol to phenol in a fixed-bed flow reactor, separation of the two catalytic components of the used
catalysts, and XPS analysis of used HZSM-5; (b) conversion and product yield using HZSM-5 with passivated MoP/SiO2 (left) and non-passivated MoP/SiO2

(right). Pretreatment: reduction of MoP/SiO2 (100 mg) and HZSM-5 (100 mg) at 450 8C for 1 h. Reaction conditions: 2-methoxyl-4-propylphenol (5 mol %) in
benzene, 350 8C, 90 bar, 30 mL min@1 H2, WHSV = 40 h@1. (c) P 2p and (d) Mo 3d XPS spectra of used HZSM-5 catalyst.
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cresol yields of approximately 10 mol % (Figure S12 in the Sup-

porting Information). There was no observable deactivation

during these measurements, as also confirmed by the near
constant yield of n-propylbenzene and cumene (Figure S13 in

the Supporting Information). Despite the minor effect on the
conversion, Figure 3 shows that a higher reduction tempera-

ture results in a higher phenol yield. The higher degree of MoP
formation and the slightly lower amount of residual phosphate

can contribute to these improvements. XPS analysis of used

MoP/SiO2 catalysts shows that the Mo oxidation state did not
change during the reaction (Figure S14 in the Supporting Infor-

mation). Nevertheless, we still observed a small loss of phos-
phate species from the decrease of the corresponding XPS

P 2p feature. The phosphorus content on used zeolite was very
high (0.7 wt %) in the experiment in which MoP/SiO2 was re-
duced at 600 8C and lowest in the experiment in which reduc-

tion was performed at 900 8C (0.4 wt %) (Figures S15 and S16
in the Supporting Information).

The above results show the promise of using a combination
of MoP/SiO2 and HZSM-5 zeolite in converting lignin-derived

guaiacol-type compounds in high yield to phenol. We also
evaluated the stability of this catalyst combination in a 48 h re-

action (Table S3 in the Supporting Information). The phenol
yield was found to slowly decrease with time owing to coke
formation. After catalyst regeneration at 700 8C for 2 h in a hy-
drogen atmosphere, the phenol yield was 85 % again. The utili-
ty of this catalyst combination in converting a syringol-type
2,6-dimethoxy-4-propylphenol in separate demethoxylation

and transalkylation reactions showed that the phenol yield in

this case was much lower at 31 mol % with a non-closed mass
balance, likely owing to oligomerization of intermediates (Ta-
bles S4 and S5 in the Supporting Information).

Although further investigations are needed to more effi-
ciently convert syringol-type intermediates coming from hard-
wood biomass, we decided to evaluate the potential of our ap-

proach on a real lignin oil derived from pinewood by LFP

(Figure 4). We chose pinewood because this kind of softwood
is rich in guaiacol-type building blocks. For the LFP, pinewood

sawdust was subjected to a reaction at 230 8C and 30 bar H2

using a Pt/C catalyst in a methanol/water mixture (molar meth-

anol/water ratio = 1:2).[19] All b-O-4 lignin interlinkages in the
original biomass were cleaved, as confirmed by heteronuclear

single quantum coherence (HSQC) NMR spectroscopy (Fig-

ure S19 in the Supporting Information). Gel permeation chro-
matography evidenced the formation of lignin monomers with

only a small amount of relatively low-molecular-weight lignin
fragments dissolved in benzene (Figure S20 in the Supporting

Information). The total monomer yield was 15 wt %, of which
78 % was 2-methoxy-4-propylphenol. Other lignin monomers

were guaiacol, methylguaiacol, and ethylguaiacol. The lignin

monomers in this oil were then further converted by our com-
bination of MoP/SiO2 and HZSM-5 catalysts (Figure S21 in the

Supporting Information). Not only 4-propylguaiacol but also
ethylguaiacol and methylguaiacol were converted to phenol,

showing that our approach is able to broadly convert substi-
tuted guaiacols. Importantly, full conversion of these com-

pounds in the lignin oil and stable phenol yield support our

conclusion that the dual catalyst is stable for at least 6 h.
Based on the initial lignin content in pinewood, we deter-
mined a phenol yield of 9.6 mol %. In summary, we developed
a novel catalytic approach for valorization of lignin monomers

Figure 3. Influence of reduction temperature on phosphide formation (blue),
2-methoxy-4-propylphenol conversion (black), and phenol yield (red, aver-
age yield during 6 h reaction).

Figure 4. Schematic representation of the three-step approach developed in this work to obtain phenol from woody biomass.
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obtainable from different types of wood by LFP. In a relevant
example, lignin in pinewood was converted to phenol using a

combination of reductive depolymerization of in planta lignin
followed by combined hydrodemethoxylation and transalkyla-

tion. The upgrading of the carbohydrate pulp to value-added
products through different strategies has already been ex-

plored before.[20] The novelty of our approach is the use of rel-
atively cheap MoP/SiO2 to catalyze hydrodemethoxylation. We
demonstrated that the formation of MoP species is not only

important for a high demethoxylation activity but also essen-
tial to limit the amount of remaining phosphate precursor to
stabilize the performance. A too-high residual phosphate yield
leads to slow deactivation of the zeolite component owing to
migration to Brønsted acid sites. Conceptually, an advantage of
the described approach is the benefit of integrating the de-

scribed novel biobased process in existing chemical processes

for phenol production.

Acknowledgements

X.O. thanks the China Scholarship Council for the financial sup-

port. The authors thank Adelheid Elemans Mehring for the ICP
analysis and Jiadong Zhu, Jan Wiesfeld, Arno van Hoof, and Rim
van de Poll for acquiring TEM images.

Conflict of interest

The authors declare no conflict of interest.

Keywords: biomass · demethoxylation · lignin-first · phenol ·
transalkylation

[1] W. Schutyser, T. Renders, S. van den Bosch, S. F. Koelewijn, G. T. Beck-
ham, B. F. Sels, Chem. Soc. Rev. 2018, 47, 852 – 908.

[2] a) Q. Song, F. Wang, J. Cai, Y. Wang, J. Zhang, W. Yu, J. Xu, Energy Envi-
ron. Sci. 2013, 6, 994 – 1007; b) C. Zhang, H. Li, J. Lu, X. Zhang, K. E. Mac-
Arthur, M. Heggen, F. Wang, ACS Catal. 2017, 7, 3419 – 3429; c) A.
Rahimi, A. Ulbrich, J. J. Coon, S. S. Stahl, Nature 2014, 515, 249 – 252;
d) X. Wu, X. Fan, S. Xie, J. Lin, J. Cheng, Q. Zhang, L. Chen, Y. Wang, Nat.
Catal. 2018, 1, 772 – 780; e) P. Picart, C. Meller, J. Mottweiler, L. Wier-
mans, C. Bolm, P. D. De Marfa, A. Schallmey, ChemSusChem 2014, 7,
3164 – 3171.

[3] a) S. van den Bosch, W. Schutyser, R. Vanholme, T. Driessen, S. F. Koele-
wijn, T. Renders, B. De Meester, W. J. J. Huijgen, W. Dehaen, C. M. Cour-

tin, B. Lagrain, W. Boerjan, B. F. Sels, Energy Environ. Sci. 2015, 8, 1748 –
1763; b) X. Huang, J. Zhu, T. I. Kor#nyi, M. D. Boot, E. J. M. Hensen,
ChemSusChem 2016, 9, 3261 – 3267.

[4] Z. Sun, B. Fridrich, A. de Santi, S. Elangovan, K. Barta, Chem. Rev. 2018,
118, 614 – 678.

[5] S. Song, J. Zhang, G. Gçzaydın, N. Yan, Angew. Chem. Int. Ed. 2019, 58,
4988 – 4991; Angew. Chem. 2019, 131, 4934 – 4937.

[6] M. Shahami, K. M. Dooley, D. F. Shantz, J. Catal. 2018, 368, 354 – 364.
[7] X. Huang, J. M. Ludenhoff, X. Ouyang, M. Dirks, M. D. Boot, E. J. M.

Hensen, ACS Catal. 2018, 8, 11184 – 11190.
[8] a) Q. Lu, C. Chen, W. Luc, J. G. Chen, A. Bhan, F. Jiao, ACS Catal. 2016, 6,

3506 – 3514; b) A. J. R. Hensley, Y. Wang, D. Mei, J. S. McEwen, ACS Catal.
2018, 8, 2200 – 2208; c) M. F. Wagenhofer, E. Bar#th, O. Y. Guti8rrez, J. A.
Lercher, ACS Catal. 2017, 7, 1068 – 1076; d) K. Murugappan, E. M. Ander-
son, D. Teschner, T. E. Jones, K. Skorupska, Y. Rom#n-Leshkov, Nat. Catal.
2018, 1, 960 – 967; e) A. Berenguer, T. M. Sankaranarayanan, G. Gjmez, I.
Moreno, J. M. Coronado, P. Pizarro, D. P. Serrano, Green Chem. 2016, 18,
1938 – 1951.

[9] H. Y. Zhao, D. Li, P. Bui, S. T. Oyama, Appl. Catal. A 2011, 391, 305 – 310.
[10] S. K. Wu, P. C. Lai, Y. C. Lin, H. P. Wan, H. T. Lee, Y. H. Chang, ACS Sustaina-

ble Chem. Eng. 2013, 1, 349 – 358.
[11] X. Lan, E. J. M. Hensen, T. Weber, Appl. Catal. A 2018, 550, 57 – 66.
[12] J. Sehested, A. Carlsson, T. V. W. Janssens, P. L. Hansen, A. K. Datyey, J.

Catal. 2001, 197, 200 – 209.
[13] J. Sehested, J. A. P. Gelten, I. N. Remediakis, H. Bengaard, J. K. Nørskov, J.

Catal. 2004, 223, 432 – 443.
[14] T. Prasomsri, M. Shetty, K. Murugappan, Y. Rom#n-Leshkov, Energy Envi-

ron. Sci. 2014, 7, 2660 – 2669.
[15] a) Y. Liao, R. Zhong, E. Makshina, M. d’Halluin, Y. van Limbergen, D. Ver-

boekend, B. F. Sels, ACS Catal. 2018, 8, 7861 – 7878; b) E. Verheyen, C.
Jo, M. Kurttepeli, G. Vanbutsele, E. Gobechiya, T. I. Kor#nyi, S. Bals, G.
Van Tendeloo, R. Ryoo, C. E. A. Kirschhock, J. A. Martens, J. Catal. 2013,
300, 70 – 80.

[16] a) V. J. Margarit, M. Osman, S. Al-Khattaf, C. Mart&nez, M. Boronat, A.
Corma, ACS Catal. 2019, 9, 5935 – 5946; b) J. M. Serra, E. Guillon, A.
Corma, J. Catal. 2004, 227, 459 – 469; c) S. H. Cha, S. B. Hong, J. Catal.
2018, 357, 1 – 11.

[17] R. J. Schmidt, Appl. Catal. A 2005, 280, 89 – 103.
[18] H. E. van der Bij, B. M. Weckhuysen, Chem. Soc. Rev. 2015, 44, 7406 –

7428.
[19] X. Ouyang, X. Huang, J. Zhu, M. D. Boot, E. J. M. Hensen, ACS Sustainable

Chem. Eng. 2019, 7, 13764 – 13773.
[20] a) Z. Sun, G. Bottari, A. Afanasenko, M. C. A. Stuart, P. J. Deuss, B. Fri-

drich, K. Barta, Nat. Catal. 2018, 1, 82 – 92; b) S. Yamaguchi, M. Yabushi-
ta, M. Kim, J. Hirayama, K. Motokura, A. Fukuoka, K. Nakajim, ACS Sus-
tainable Chem. Eng. 2018, 6, 8113 – 8117; c) Z. Cao, M. Dierks, M. T.
Clough, I. B. D. de Castro, R. Rinaldi, Joule 2018, 2, 1118 – 1133.

Manuscript received: February 21, 2020

Revised manuscript received: February 24, 2020

Accepted manuscript online: February 24, 2020
Version of record online: March 10, 2020

ChemSusChem 2020, 13, 1705 – 1709 www.chemsuschem.org T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1709

ChemSusChem
Communications
doi.org/10.1002/cssc.202000485

https://doi.org/10.1039/C7CS00566K
https://doi.org/10.1039/C7CS00566K
https://doi.org/10.1039/C7CS00566K
https://doi.org/10.1039/c2ee23741e
https://doi.org/10.1039/c2ee23741e
https://doi.org/10.1039/c2ee23741e
https://doi.org/10.1039/c2ee23741e
https://doi.org/10.1021/acscatal.7b00148
https://doi.org/10.1021/acscatal.7b00148
https://doi.org/10.1021/acscatal.7b00148
https://doi.org/10.1038/nature13867
https://doi.org/10.1038/nature13867
https://doi.org/10.1038/nature13867
https://doi.org/10.1038/s41929-018-0148-8
https://doi.org/10.1038/s41929-018-0148-8
https://doi.org/10.1038/s41929-018-0148-8
https://doi.org/10.1038/s41929-018-0148-8
https://doi.org/10.1002/cssc.201402465
https://doi.org/10.1002/cssc.201402465
https://doi.org/10.1002/cssc.201402465
https://doi.org/10.1002/cssc.201402465
https://doi.org/10.1039/C5EE00204D
https://doi.org/10.1039/C5EE00204D
https://doi.org/10.1039/C5EE00204D
https://doi.org/10.1002/cssc.201601666
https://doi.org/10.1002/cssc.201601666
https://doi.org/10.1002/cssc.201601666
https://doi.org/10.1021/acs.chemrev.7b00588
https://doi.org/10.1021/acs.chemrev.7b00588
https://doi.org/10.1021/acs.chemrev.7b00588
https://doi.org/10.1021/acs.chemrev.7b00588
https://doi.org/10.1016/j.jcat.2018.10.011
https://doi.org/10.1016/j.jcat.2018.10.011
https://doi.org/10.1016/j.jcat.2018.10.011
https://doi.org/10.1021/acscatal.8b03430
https://doi.org/10.1021/acscatal.8b03430
https://doi.org/10.1021/acscatal.8b03430
https://doi.org/10.1021/acscatal.6b00303
https://doi.org/10.1021/acscatal.6b00303
https://doi.org/10.1021/acscatal.6b00303
https://doi.org/10.1021/acscatal.6b00303
https://doi.org/10.1021/acscatal.7b02576
https://doi.org/10.1021/acscatal.7b02576
https://doi.org/10.1021/acscatal.7b02576
https://doi.org/10.1021/acscatal.7b02576
https://doi.org/10.1021/acscatal.6b02753
https://doi.org/10.1021/acscatal.6b02753
https://doi.org/10.1021/acscatal.6b02753
https://doi.org/10.1038/s41929-018-0171-9
https://doi.org/10.1038/s41929-018-0171-9
https://doi.org/10.1038/s41929-018-0171-9
https://doi.org/10.1038/s41929-018-0171-9
https://doi.org/10.1016/j.apcata.2010.07.039
https://doi.org/10.1016/j.apcata.2010.07.039
https://doi.org/10.1016/j.apcata.2010.07.039
https://doi.org/10.1021/sc300157d
https://doi.org/10.1021/sc300157d
https://doi.org/10.1021/sc300157d
https://doi.org/10.1021/sc300157d
https://doi.org/10.1016/j.apcata.2017.10.018
https://doi.org/10.1016/j.apcata.2017.10.018
https://doi.org/10.1016/j.apcata.2017.10.018
https://doi.org/10.1006/jcat.2000.3085
https://doi.org/10.1006/jcat.2000.3085
https://doi.org/10.1006/jcat.2000.3085
https://doi.org/10.1006/jcat.2000.3085
https://doi.org/10.1016/j.jcat.2004.01.026
https://doi.org/10.1016/j.jcat.2004.01.026
https://doi.org/10.1016/j.jcat.2004.01.026
https://doi.org/10.1016/j.jcat.2004.01.026
https://doi.org/10.1039/C4EE00890A
https://doi.org/10.1039/C4EE00890A
https://doi.org/10.1039/C4EE00890A
https://doi.org/10.1039/C4EE00890A
https://doi.org/10.1021/acscatal.8b01564
https://doi.org/10.1021/acscatal.8b01564
https://doi.org/10.1021/acscatal.8b01564
https://doi.org/10.1016/j.jcat.2012.12.017
https://doi.org/10.1016/j.jcat.2012.12.017
https://doi.org/10.1016/j.jcat.2012.12.017
https://doi.org/10.1016/j.jcat.2012.12.017
https://doi.org/10.1021/acscatal.9b00763
https://doi.org/10.1021/acscatal.9b00763
https://doi.org/10.1021/acscatal.9b00763
https://doi.org/10.1016/j.jcat.2004.08.006
https://doi.org/10.1016/j.jcat.2004.08.006
https://doi.org/10.1016/j.jcat.2004.08.006
https://doi.org/10.1016/j.jcat.2017.10.015
https://doi.org/10.1016/j.jcat.2017.10.015
https://doi.org/10.1016/j.jcat.2017.10.015
https://doi.org/10.1016/j.jcat.2017.10.015
https://doi.org/10.1016/j.apcata.2004.08.030
https://doi.org/10.1016/j.apcata.2004.08.030
https://doi.org/10.1016/j.apcata.2004.08.030
https://doi.org/10.1039/C5CS00109A
https://doi.org/10.1039/C5CS00109A
https://doi.org/10.1039/C5CS00109A
https://doi.org/10.1021/acssuschemeng.9b01497
https://doi.org/10.1021/acssuschemeng.9b01497
https://doi.org/10.1021/acssuschemeng.9b01497
https://doi.org/10.1021/acssuschemeng.9b01497
https://doi.org/10.1038/s41929-017-0007-z
https://doi.org/10.1038/s41929-017-0007-z
https://doi.org/10.1038/s41929-017-0007-z
https://doi.org/10.1021/acssuschemeng.8b00809
https://doi.org/10.1021/acssuschemeng.8b00809
https://doi.org/10.1021/acssuschemeng.8b00809
https://doi.org/10.1021/acssuschemeng.8b00809
https://doi.org/10.1016/j.joule.2018.03.012
https://doi.org/10.1016/j.joule.2018.03.012
https://doi.org/10.1016/j.joule.2018.03.012
http://www.chemsuschem.org

