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ABSTRACT: Molecular  switches  are  widely  studied  in  optical
devices,  computer  science,  DNA  sensor  systems,  and  chiral
synthesis;  however,  their  use  in  heterogeneous  catalytic
processes is rarely reported. Herein, we report a Fe-based redox
switch  for  tuning  the  acidity  of  a  ZSM-5-based  catalyst  in  the
methanol-to-aromatics  reaction.  In  this  reaction,  the  yield  of  the
target product,  para-xylene (PX), is low because various types of
acids on the catalyst activate side reactions. Fe oxides and zeolite
generate  medium-strength  Lewis  acids,  which  activate  the
aromatization of methanol but suppress the dealkylation of xylene.
Gradual reduction of Fe oxides during the reaction simultaneously
decreases the conversion of methanol, the yield of aromatics, and
the  yield  of  PX.  The  oxidation  state  of  the  Fe  species  and  the
associated catalytic performance can be regenerated in the air at 550 °C. The redox switches caused regular fluctuation in the
catalytic performance and remained stable throughout 16 regeneration cycles (up to 80 h). The employed strategy enabled a
PX yield of up to 60% (carbon base) using a SiO2-coated Zn/P/Fe/ZSM-5 catalyst, which is 3–6 times higher than previously
reported values. The result showed a new mode of acidity modulation of the catalyst.
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 1    Introduction
Molecular  switches  are  molecules  in which bonds,  electronic  state,
or  structure  change  in  response  to  environmental  stimuli  such  as
light,  heat,  electrical  field,  pH,  atmosphere,  or  pressure;  they  are
widely used in photonics, bioscience, chiral synthesis, and computer
science  for  logical  calculations1–8.  Although  molecular  switches
have been widely employed in solutions and polymer systems, their
use  in  heterogeneous  catalysis  to  modulate  the  properties  and
performance of  the catalyst  has been rarely reported.  For instance,
para-xylene (PX), an important raw material for the production of
synthetic  fibers,  is  mainly  produced  via  catalytic  reforming  of
naphtha9–11 and  the  methanol-to-aromatics  (MTA)  process

catalyzed  by  M/ZSM-5  (M  =  Zn,  Ga,  Cu,  Mo,  Ni,  etc)11–22.  In
general,  strong  acids  on  the  catalyst  result  in  side  reactions,
including  dealkylation  and  isomerization  of  xylene  (X),  whereas
weak acids lead to the alkylation of X to tri-methylbenzene (TriMB)
or  the  poor  performance  of  aromatization9–33.  Owing  to  the  very
low  yield  of  PX,  <  10%  (carbon  base)  in  MTA  and  3%–7%  in
catalytic  reforming  of  naphtha,  obtaining  pure  PX  requires  a
complex transformation and separation network, which has one of
the  highest  energy  consumptions  among  all  sections  in  any
petrochemical  process.  Currently,  isomerization  of  X  can  be
effectively inhibited by minimizing the amount of external acids on
the catalyst  using coke or by coating the catalyst  with a SiO2 shell,
which  however  sacrifices  its  aromatization  ability24–33.
Unfortunately,  a  strategy  to  simultaneously  suppress  the
dealkylation  of  X  to  benzene  (B)  and  toluene  (T)  on  strong  acids
and the  alkylation  of  X  to  TriMB on weak  acids  has  not  yet  been
reported  owing  to  the  acid-dependent  aromatization  ability  of  the
catalys15, 16, 21, 22.

In  this  work,  we  propose  Fe-based  redox  switches  to  modulate
the  acidity  of  a  ZSM-5-based  catalyst.  Similar  to  the  use  of  H2 to
tune PdHx states or the use of NOx for turning Fe(II) or Fe(III) into
complex  molecules  to  improve  the  on–off  sensitivity1, 2,  in  the
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present study, the redox state of the Fe species is controlled by the
reaction  atmosphere  (hydrocarbons/H2 reducing  atmosphere)  and
catalyst  regeneration  (using  air,  oxidation).  The  modulation  of
acidity  and  acidic  type  through  the  redox  state  of  Fe  allows  the
suppression  of  not  only  the  dealkylation  of  X  (to  T  and  B)  on
strong acids, but also the alkylation of X (to TriMB and other heavy
components)  on  weak  acids.  We  conducted  16  reaction–catalyst
regeneration  cycles  (longer  than  80  h  in  total)  and  recorded  the
trends  in  catalytic  performance  (including  the  conversion  of
methanol, the yield of aromatics, the yield of PX, and the selectivity
of PX in X) determined directly by the redox switches. The results
confirm  the  stability  of  Fe-based  redox  switches  on  the  catalyst,
providing  new  insights  into  the  modulation  of  acidity  and
performance  of  the  catalyst  and  providing  new  opportunities  for
designing a high-performance catalyst to directly produce PX from
methanol. The increased yield of PX in the single pass conversion is
expected  to  significantly  decrease  the  energy  consumption  of
downstream  separation,  considerably  decreasing  the  carbon
footprint of the process.

 2    Experimental
First,  the  ZSM-5  catalyst  was  sequentially  doped  with  Zn  and  P
species to obtain Zn/P/ZSM-5. For Zn-doping, ZSM-5 powder was
impregnated with Zn(NO3)2 solution, followed by drying at 110 °C
for 24 h and calcination at 550 °C for 5 h (Supplementary SI-1). P-
doping  was  performed  following  the  same  procedure,  but  using
(NH4)2HPO4 impregnation  solution.  Then,  the  obtained
Zn/P/ZSM-5  catalyst  was  doped  with  Fe  following  the  same
procedure (but with Fe(NO3)3 impregnation solution) to prepare a
Zn/P/Fe/ZSM-5  catalyst.  External  acids  on  the  Zn/P/Fe/ZSM-5
catalyst  were  eliminated  by  coating  the  catalyst  with  a  SiO2 shell
through  the  hydrolysis  of  TEOS,  as  previously  described
(Supplementary SI-1, Fig. S1)24. To test the performance of different
catalysts in converting methanol into PX, the catalyst (around 1 g)
was  put  into  the  vertically  packed  bed  reactor.  Methanol  was  fed
into  the  reactor  and  catalytically  converted  at  475  °C  and  normal

pressure  for  2  h.  The  product  of  the  reaction  was  analyzed  using
online  gas  chromatography  at  different  reaction  times.  The
deactivated catalyst was regenerated by feeding air to burn the coke
at 550 °C for 3 h. A total of 16 reaction–catalyst regeneration cycles
were  run  to  test  the  stability  of  redox  switches  and  record  time-
dependent catalytic performances.

 3    Results and discussion
Considering that  the effects  of  P-doping and SiO2 layer  have been
well  addressed previously24, 43,  the  present  work mainly  focuses  on
the  effect  of  the  addition  of  Fe  species  to  the  catalyst.  Without
doping with Fe species, only the lattice of ZSM-5 on the Zn/ZSM-5
catalyst  is  detected  using  transmission electron microscopy  (TEM;
Supplementary  SI-1,  Fig.  S2),  indicating  that  ZnO  species  are
monodispersed  on  the  ZSM-5  matrix.  There  is  also  a  clear
amorphous layer with a thickness of 6–8 nm, corresponding to the
SiO2 shell  of  the  Zn/P/Fe/Si  catalyst  (Fig.  1a).  However,  this  layer
did not affect the detection of Fe-species nanoparticles. The doping
of  Zn/P/ZSM-5  with  Fe  species  resulted  in  the  formation  of
particles with the size of 2–5 nm on the catalyst. The typical lattice
spacing  of  the  crystal  is  0.229  nm,  as  shown  by  high-resolution
TEM  (Fig.  1b),  which  was  assigned  to  Fe2O3.  Different  lattice
spacings  (0.23  nm,  0.15  nm,  etc.)  associated  with  other  Fe  oxide
phases are also observed in other regions of the catalysts sampled at
15 and 30 min after the start of the reaction (Figs. 1c and 1d). The
elemental distribution in the catalyst, obtained by energy-dispersive
X-ray  spectroscopy  (EDS),  shows  that  the  Fe  species  did  not
interact  with  the  SiO2 shell  but  interacted  with  the  ZSM-5
(Supplementary SI-2, Fig. S3).

X-ray  photoelectron spectroscopy (XPS)  was  used to  determine
the valence of Fe on different catalysts (Fig.  2a).  In Fe/ZSM-5, not
doped with Zn species, the peaks of Fe oxides at 710.2, 711.8, 714,
and 719 eV were assigned to Fe2+ oct, Fe3+ oct, Fe3+ tet, and Fe3+ sat,
respectively.  These  values  correspond  well  to  the  previously
reported data34–44. At the same time, in the Fe-doped Zn/P/ZSM-5,
the  peak  of  the  Fe3+ tet  species  is  relatively  weak  and  blue-shifted

 

Fig. 1.    TEM  patterns  of  the  catalyst  before  and  after  the  reaction.  a,  b, TEM  images  of  (a)  Zn/ZSM-5  and  (b)  Zn/P/Fe/Si/ZSM-5  (magnified  region  showing  Fe
species). c, d, Lattice of Fe species on the catalyst after (c) 15 min of reaction and (d) 30 min of reaction.
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compared  to  those  in  samples  without  Zn.  In  contrast,  in  the
patterns  of  catalysts  sampled  during  the  reaction,  in  the
hydrocarbons/H2 atmosphere,  the  peaks  are  redshifted.  The
reduction of Fe2O3 to Fe3O4 starts at 200 °C, the transformation of
Fe3O4 into  FeO  occurs  at  400  °C,  and  the  reduction  of  FeO  to
metallic  Fe  occurs  at  550  °C34–36, 40–42.  Thus,  Fe  oxides  on  the
catalyst  are  reduced  in  the  MTA  reaction  at  475  °C.  Notably,  the
catalysts  containing  Fe  oxides,  including  Zn/P/Fe/Si/ZSM-5  and
Fe/ZSM-5, show a sharp peak representing the consumption of H2
in the temperature-programmed reduction (TPR) pattern (Fig. 2b),
whereas Zn/P/Si/ZSM-5 does not.  After the complete reduction of
the catalysts containing Fe species, the peak area of H2 consumption
for Fe/ZSM-5 with Fe loading of 6% is around 1.5 times that for the
Zn/P/Fe/Si/ZSM-5  catalyst  with  Fe  loading  of  nearly  4%.  This
verifies that the state of Fe species on the catalyst is not significantly
affected by the presence of Zn and P species. This conclusion is also
confirmed  by  the  XRD  results  (Supplementary  SI-3,  Fig.  S4).  Fe
species  are  mainly  comprised  of  hematite  Fe2O3 (Supplementary
SI-3, Fig. S4), which is in agreement with the XPS and TEM results
and with most similar previous reports34–44.

It  should  be  noted  that  the  P-doping  of  the  catalyst  performed
after Zn-doping but before Fe-doping is effective for inhibiting the
strong interaction between Fe and Zn species. In the absence of P-
doping,  strong  interaction  between  Zn  and  Fe  species  results  in  a
significant  weakening  of  Fe  peaks  in  the  XRD  pattern
(Supplementary  SI-3,  Fig.  S4).  Furthermore,  the  above  doping
sequence did not allow the formation of large amounts of ZnFe2O4
species  on  the  catalyst,  whose  signal  overlaps  with  that  of  ZnO
species  in  the  XPS  pattern  (Supplementary  SI-4,  Fig.  S5).  In
addition, catalysts that reacted for 15 and 60 min at 475 °C in MTA
(Fig.  2c)  both  show  a  peak  response  (consumption  of  H2)  in  the
TPR  pattern.  However,  the  peak  area  after  60  min  of  reaction  is
smaller  than  that  after  15  min  of  reaction,  validating  the  gradual
reduction of Fe oxides during MTA and the presence of Fe oxides
on  the  catalyst  even  after  reacting  for  60  min.  After  105  min  of
MTA, the deactivated catalyst  was regenerated by burning coke in
the  air  at  550  °C.  During  regeneration,  Fe,  and  FeO  species  were
converted to Fe2O3 and Fe3O4 again, resulting in the appearance of
an intensive peak of H2 consumption in the TPR pattern (Fig. 2c).
The  position  of  this  peak  in  the  regenerated  catalyst  closely
coincides with that in the pristine catalyst.

Effects of the transition of Fe(III) oxides to Fe(II) oxides or even
metallic  Fe  at  475  °C  on  the  performance  of  the  catalyst  in  MTA
(Figs.  2b and 2c)  were  examined.  The  Zn/P/Fe/ZSM-5  catalyst
containing Fe oxides exhibits high conversion of methanol (close to
100%), high yield of aromatics (60%–65%, carbon base), high yield
of PX (20%, carbon base),  and low selectivity of PX in X (50%) in
the initial stage of the reaction (Fig. 3). As the reaction proceeds, Fe

oxides  are  gradually  reduced,  resulting  in  the  decrease  in  catalytic
performance.  Quantitatively,  the  yield  of  PX  decreases  from
20%–25% at  15 min to approximately  8% at  60 min.  At  the same
time, the conversion of methanol drops from 100% to 70%, and the
yield of aromatics decreases from 65% to 20%. Only the selectivity
of PX in X increases from 50% to 75%, because the isomerization of
X was suppressed by the weakening of the external acids by coke24.
However, all these decreases are recovered after the regeneration of
the  catalyst  by  burning  coke  in  the  air  at  550  °C.  Sixteen

 

Fig. 2.    XPS  and  TPR  of  Fe  species  on  the  catalyst.  a,  XPS  of  Fe  species  on  the  catalyst. b,  TPR  of  different  catalysts,  where  Fe/ZSM-5  has  Fe  loading  of  6%  and
Zn/P/Fe/Si/ZSM-5 has Fe loading of nearly 4%. c, TPR of Zn/P/Fe/Si/ZSM-5 catalyst at different time points in reaction.

 

Fig. 3.    Catalytic  performance  in  16  reactioncatalyst  regeneration  cycles.
Redox  state  of  Fe  species  governing  the  regular  fluctuation  in  catalytic
performance  in  16  reaction–catalyst  regeneration  cycles,  using  Zn/P/Fe/ZSM-5
catalyst  (Si/Al ratio in ZSM-5 is  19). Black lines indicate the regeneration of the
catalyst in the air at 550 °C. Colored points represent the experimental data in the
MTA reaction in a hydrocarbons/H2 atmosphere.

Research article

9200001 (3 of 6) Carbon Future, 2023, 1, 9200001



reaction–catalyst  regeneration  cycles  show  regular  decreasing  and
increasing  trends  in  methanol  conversion,  aromatic  yield,  PX
selectivity (in an opposite direction), and PX yield modulated by the
redox molecular switches of Fe species on the catalyst. Notably, the
peak  Fe  species  levels  of  the  regenerated  catalyst  show  a  close
correlation  with  those  of  the  fresh  catalyst  over  the  16  reaction
cycles,  but the peak levels  of  the two are not equal,  indicating that
Fe  species  on  the  catalyst  reached  the  equilibrium  rather  than  the
initial  state  in  the  successive  regenerations  (Supplementary  SI-5,
Fig.  S6).  Consistent  recovery  of  catalytic  performance  throughout
16 cycles confirms the high stability of the proposed redox switches.

Infrared  spectroscopy  of  pyridine  adsorption  (Py-IR;
Supplementary  SI-6,  Fig.  S7)  was  used  to  characterize  the  acidic
types of the catalysts containing Fe-based redox switches. The peak
at  1540  cm−1 in  the  Py-IR  pattern  of  Zn/P/Si/ZSM-5
(Supplementary  SI-6,  Fig.  S7),  assigned  to  a  large  amount  of
Bronsted acids, nearly disappears after Fe-doping. At the same time,
the  peak  at  1450  cm−1,  assigned  to  Lewis  acids,  becomes  very
intense.  In  addition,  calcination  in  air  at  a  higher  temperature
(550–750 °C) during Fe-doping increases the intensity of  the peak
of Lewis acids (Supplementary SI-6, Fig. S8). These results confirm
that Lewis acids were generated through the interaction of Fe oxides
with  ZSM-5.  Moreover,  coating  the  catalyst  with  a  SiO2 shell  did
not  change  the  position  of  Lewis  acids  and  pore  structure
(Supplementary  SI-7,  Fig.  S9).  This  suggests  that  the  Fe  species
mainly  interacted  with  the  zeolite,  not  the  SiO2 shell,  which  is  in
agreement  with  the  EDS  results.  The  results  of  temperature-
programmed desorption of  ammonia (NH3-TPD) suggest  that  the
addition of Fe oxides to Zn/P/Si/ZSM-5 increased the strength of all
types  of  acids  (Supplementary  SI-8,  Table  S1).  This  is  reasonable
considering that Fe oxides mostly interacted with zeolite,  not ZnO
(Supplementary SI-8, Fig. S10), to create new sites of Bronsted acids
and Lewis acids. At the same time, the acidic density of the catalyst
drastically  decreases  in  the  first  15  min  of  the  MTA  reaction,  as
shown by  NH3-TPD (Fig.  4a).  Afterwards  (from 30  to  60  min),  it
decreases nearly linearly with a relatively low slope. The same trend
is  observed  for  strong,  medium-strong,  and  weak  acids,  owing  to
the gradual reduction of Fe species and gradual deposition of coke.
As  expected,  the  decrease  in  acid  density  directly  affected  the
aromatic distribution (Fig. 4b). In the initial 15 min of reaction, the
yields of T and B are 36.1% and 7.55%, respectively, while the yield
of PX is only 26.6%. Apparently, high acid strength and density in
the catalyst resulted in the dealkylation of X to T and B. However,
the amount of  strong acids  drops much faster  than those of  other
acids,  resulting  in  a  decrease  in  the  yield  of  T  to  4.98% at  30  min
and  an  increase  in  the  yield  of  PX  to  59.9%  (carbon  base).  The
selectivity of PX among all  aromatics at  30 min is up to 85%. The
progressing  reduction  of  Fe  oxides  further  decreases  the  acidity  at

45  min,  when  the  dealkylation  of  X  nearly  stops;  however,
significant  alkylation  of  X  to  TriMB  is  observed.  Similarly,  the
decrease  in  acidic  density  with  the  reaction  time  is  observed  for
Zn/P/Si/ZSM-5 without Fe species, on which the dealkylation of X
to  T  and  B  also  readily  occurs  in  the  initial  15  min.  However,  a
further  decrease  in  acidic  strength  at  45–75  min  results  in  a
significant loss of the aromatization activity of the catalyst, although
the  selectivity  of  PX  in  X  remains  high  (Fig.  4c).  These  results
clearly show that the yield of PX is directly determined by the redox
switches of Fe species with a tunable amount, type, and strength of
acids.  Similar  to  the  regular  decrease  and  increase  in  the  catalytic
performance  during  cycling  in Fig.  3,  the  acidic  density  of  the
catalyst  considerably  decreases  in  the  first  reaction  cycle  but  is
recovered  to  a  certain  degree  after  the  regeneration  of  the  catalyst
(Supplementary  SI-8,  Fig.  S11).  However,  the  acid  strength  in  the
second  reaction  cycle  decreases  faster  than  the  associated  catalytic
performance, which needs further investigation. It should be noted
that only the coating of the catalyst with a SiO2 shell suppressed the
isomerization of X on the external surface, which made the effect of
Fe-based  redox  switches  significant.  When  using  the
Zn/P/Fe/catalyst without the SiO2 shell, the selectivity of PX in X is
only  40%–60%  (Fig.  3);  however,  the  effect  of  redox  switches  is
observed even in this case. To the best of our knowledge, this is the
first  report  of  the  yield  of  PX  approaching  60%  in  a  single  pass,
which  is  3–6  times  higher  than  the  previously  reported  yields  for
MTA and 5–10 times  higher  than those  for  catalytic  reforming of
naphtha9−33. Thus, a high yield of PX may be attained by shortening
the reaction time in the reaction–catalyst regeneration cycles using
the redox switches mechanism.

 4    Conclusions
We  report  a  multicomponent  catalyst,  Zn/P/Fe/ZSM-5@SiO2,  for
the  one-step  conversion  of  methanol  to  PX.  The  presence  of  Fe-
based redox switches on the zeolite-based catalyst was confirmed by
XPS, TPR, Py-IR, and catalytic performance in MTA. The reported
catalytic  effect  is  stable,  as  shown  in  16  repeated  reaction–catalyst
regeneration  cycles  up  to  80  h.  The  present  results  provide  new
insights  into  the  use  of  redox  switches  in  heterogeneous  catalysis
and  into  the  design  and  control  of  the  catalysts  with  moderate
acidic  properties  for  obtaining  the  desired  activity,  product
selectivity, and yield simultaneously.
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Fig. 4.    Variation in acidic density and aromatics yields. a,  Variation in acidic density of the Zn/P/Fe/Si/SM-5 catalyst at different reaction times. b,  Time-dependent
yield of different aromatics with the Zn/P/Fe/Si/ZSM-5 catalyst. c, Time-dependent yield of different aromatics with the Zn/P/Si/ZSM-5 catalyst without Fe.
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