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Abstract: We report hydrogenation of furfural (FF) to furfuryl alcohol 
(FA) with novel Pt-and Pd-containing magnetite nanoparticles (NPs) 
stabilized by polyphenylquinoxaline (PPQ) and hyperbranched 
pyridylphenylene polymer (PPP). FF is one of the major ingredients of 
biooil produced by biomass pyrolysis, while FA is a source of value-
added chemicals, thus, creating a sustainable path from biomass to 
important compounds. We demonstrate that catalytic NPs (Pt0 or Pd0) 
of approximately 3 nm in diameter form in the polymer shells of 
magnetite NPs and the catalysts are magnetically recoverable. The 
search for optimal reaction conditions of the FF hydrogenation revealed 

that the highest selectivity is obtained at 120 °C and 6 MPa hydrogen 
pressure in i-propanol as solvent. The solvent effect is due to 
combination of good FF solubility and accessibility of catalytic NPs for 
the FF adsorption. A comparison of the catalytic activities of the Pd-
containing magnetite NPs stabilized by PPQ and PPP validates the 
advantages of the open and rigid structure of the hyperbranched PPP 
vs. linear PPQ. For Pd-containing magnetite NPs stabilized by PPP, the 
high selectivity to FA of 99.3% at nearly 100% FF conversion was 
achieved at a remarkable activity of 871 min-1 and high catalyst stability. 

Introduction 

Obtaining value-added chemicals from biomass and biooil instead 
of petrochemical sources received considerable attention due to 
limited amounts of fossil fuels. Furfural (FF) is one of the major 
ingredients of biooil produced by biomass pyrolysis and a starting 
compound for a number of useful chemicals including furfuryl 
alcohol (FA). FF can be also formed by the acid-catalyzed 
dehydration of C5 and C6 carbohydrates in the biomass such as 
hemicellulose.[1] FA is acquired by FF hydrogenation along with 
other products such as furan, tetrahydrofuran, tetrahydrofurfural, 
and tetrahydrofurfuryl alcohol which can be used as plasticizers 
and intermediates in pharmaceuticals syntheses.[2] Scheme 1 
shows the complexity of the process which could lead to multiple 
products. 
FA is a valuable compound employed for syntheses of polyfurfuryl 
alcohol nanocomposites without the use of solvents or surfactants 
and for foundry binders.[3] Various noble and transition metals such 
as Pd, Pt, Ru, Ni, Cu and also bimetallic Pd-Ni, Pd-Ir, Pd-Ru, Pt-Sn 
catalysts have been tested in the FF hydrogenation to FA.[4] 
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Scheme 1. The possible routes of FF hydrogenation. 

Magnetically recoverable catalysts are widely used in numerous 
catalytic reactions to allow for easy magnetic separation in batch 
reactions or stabilization of a catalytic layer in flow processes. [5] To 
the best of our knowledge, there is only a single example of using 
magnetic Fe(NiFe)O4-SiO2 nanocatalyst  for FF hydrogenation.[6] 
This catalyst demonstrated high efficiency and selectivity to FA but 
exposure of the Fe(NiFe)O4  nanoparticles (NPs) in the silica 
network does not warrant their stability in the long run despite easy 
recoverability due to magnetic separation. 
Better stabilization of catalytic and magnetic species can be carried 
out using a polymer as stabilizer. In our preceding work thermally 
stable polyphenylquinoxaline (PPQ)[7]  and a hyperbranched 
pyridylphenylene polymer (PPP),[8] whose structures are presented 
in Scheme 2, were employed as efficient stabilizers of Zn-
containing magnetic oxides designed for a syngas-to-methanol 
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transformation.[9]  Both polymers are thermally stable up to 400-
500°C, allowing for a wide temperature range of catalytic reactions. 
The presence of nitrogen-containing heterocycles in their repeating 
units allows for coordination with various metals. It is worth noting 
that PPQ is a linear polymer, thus may form a comparatively dense 
shell on the NP surface. Alternatively, a hyperbranched, open and 
rigid structure of PPP may allow for better access to catalytic 
species. 
Here, we demonstrate that the PPQ or PPP shells of iron oxide NPs 
successfully stabilize formation of well-defined Pt or Pd NPs in a 
one-pot reaction without isolation and purification of intermediates. 
The availability of the catalytic NPs for furfural and their efficient 
modification/stabilization with polymers allow for high selectivity in 
FA formation as well as high activity and stability after magnetic 
recovery. 

 

 
Scheme 2. The structures of the PPQ (a) and PPP (b) repeating units. 

Results and Discussion 

Recently, a sustainable chemistry effort has been focused on 
several key interconnected areas: (i) replacement of fossil fuels 
with renewable sources for obtaining value-added chemicals, (ii) 
development of exceptionally efficient and stable catalysts for these 
processes, and (iii) minimization of the reaction steps in preparation 
of these catalysts. Therefore, a preferable pathway for syntheses 
of magnetically recoverable catalysts designed for FF 
hydrogenation is a one-pot reaction to avoid isolation and 
purification of intermediates. On the other hand, the catalytic 
species need to be placed on top of magnetic support NPs for 
access to reagents. To meet both requirements, we synthesized 
iron oxide NPs by thermal decomposition of Fe(acac)3 in boiling 
benzyl ether and then injected the Pt(acac)2 or Pd(acac)2 solution 
into the hot reaction solution containing preformed iron oxide NPs. 

The magnetic separation of the catalyst is shown in Figure S1 (the 
Supporting Information, SI). The control experiment carried out 
without injection of the Pt or Pd precursor shows that particles 
formed include multicore NPs with a mean size of about 21 nm and 
a smaller fraction of quasi-spherical single-core NPs with diameters 
in the range of 6-10 nm.[10] The structure of both types of NPs is 
that of magnetite (Fe3O4) as was confirmed by a combination of 
XRD and XPS.[10] See also Figure S2 (SI) for the representative 
TEM image and XRD pattern. When Pt(acac)2 or Pd(acac)2 is 
injected into the reaction solution at the reaction temperature, two 
scenarios are possible. The Pt or Pd precursor can be rapidly 
decomposed and nucleate without coordinating with the magnetite 
NP polymer shell, leading to catalytic NPs located between 
magnetite NPs. In the other scenario, Pt (Pd) species (nuclei) first 
coordinate with nitrogen-containing heterocycles followed by a 
catalytic NP growth in the Fe3O4 NP polymer shells. In the former 
case, the catalytic NPs would be unsupported by magnetite NPs, 
i.e., not magnetically recoverable, thus making it an undesirable 
outcome. 
 
Structure of Pt- and Pd-containing magnetite NPs 
Figure 1 shows TEM images of four Pt-containing magnetite NPs 
prepared with different amounts of Pt(acac)2. In addition to 
multicore and single core iron oxide NPs, the images contain darker 
dots (indicated by red arrows) which are indicative of Pt-containing 
NPs with a higher electron contrast. In the samples prepared with 
0.10 and 0.05 mmol of Pt(acac)2 (Pt-1 and Pt-2, Table 1, 
respectively)  the Pt-containing NPs are located both in vicinity and 
between magnetite NPs, revealing that some Pt and Fe3O4 NPs 
might be unconnected to each other. In case of the samples 
prepared with 0.02 and 0.01 mmol of Pt(acac)2 (Pt-3 and Pt-4, 
Table 1, respectively), the Pt NPs are mainly adjacent to magnetite 
NPs.  To confirm this assumption, Pt-1 and Pt-3 were magnetically 
recovered from chloroform solutions, then redispersed in 
chloroform and imaged. The images presented in Figure S3 (SI) 
indicate that in the Pt-1 sample all Pt based NPs seen between iron 
oxide NPs were removed during magnetic separation, while the Pt-
3 sample appears unchanged. 

 
Figure 1. TEM images of Pt-containing iron oxide NPs prepared with different 
amounts of Pt(acac)2: (a) 0.10 mmol (Pt-1), (b) 0.05 mmol (Pt-2), (c) 0.02 mmol 
(Pt-3), and (d) 0.01 mmol (Pt-4). Red arrows indicate Pt-containing NPs. 



FULL PAPER    

 
 
 
 
 

Table 1. Pt- and Pd-containing magnetite NPs stabilized by PPQ. 

Sample notation Pt(acac)2 or Pd(acac)2 
amount, g (mmol) 

Pt or Pd NP size, 
nm 
  

Pt-1 0.0393 (0.10) 2.8±0.8 

Pt-2  0.020 (0.05) 2.7±0.9 

Pt-3 0.008 (0.02) 2.9±0.7 

Pt-4 0.004 (0.01) 2.8±0.8 

Pd-1 0.003 (0.01) 2.8±0.9 

Pd-2 0.006 (0.02) 3.1±0.7 

Pd-3 0.012 (0.04) 3.2±0.6 

 
To confirm positioning of Pt vs Fe in the Pt-2 sample, we carried 
out STEM EDS imaging (Fig. 2). The mapping shows that the Pt-
containing NPs are in vicinity of iron oxide NPs. 

 
Figure 2. STEM EDS maps of Fe (a), Pt (b), and their superposition (c) for Pt-2. 

For all Pt(acac)2 loadings, the Pt NP diameters are very similar and 
under 3 nm. The XRD pattern of Pt-3 presented in Figure 3 shows 
the set of the Bragg reflections (black labeling in Fig. 3), the 
positions and intensity of which are typical for those of magnetite,[11] 
similar to control magnetite NPs (Fig. S2, SI). The other set of 
reflections in Figure 3 labeled in blue, belongs to the Pt0 crystal 
structure.[12] 

30 40 50 60 70 80

0

10000

20000

30000

40000

50000

(440)
(511)

(422)

*
(200)

(400)

*

(111)

(311)

(220)

2 Theta degrees

X-
ra

y 
in

te
ns

ity

 
Figure 3. XRD pattern of Pt-3. Black labelling shows reflections of Fe3O4, while 
blue labelling is for Pt. 

The high resolution XPS spectra for Pt-2 in the Fe 2p and Pt 4f 
regions are presented in Figure 4. The HR Fe 2p XPS spectrum 
shows a major peak with a binding energy (BE) of 710.8 eV, which 
is characteristic of iron oxides. A satellite usually detected for Fe3+ 
ions at a BE value of 8-9 eV higher than the major peak, is absent. 
This satellite would indicate the excess of the Fe3+ species beyond 
the Fe3+:Fe2+=2:1 ratio of magnetite.[13] However, the combination 
of the Fe3+ and Fe2+ satellites leads to a flat plateau between the 
Fe 2p3/2 and Fe 2p1/2 peaks as is observed in our case.[14] The 
HR Pt 4f XPS spectrum shows a major peak with a BE of 71.7 eV 
which is also consistent with Pt0 of Pt NPs.[15] If only Pt and Fe are 
accounted for, the sample contains 92.4 at.% of Fe and 7.6 at.% of  
Pt.  

 
Figure 4. (a) HR Fe 2p XPS of Pt-2. Blue color represents Fe2+, green is for Fe3+, 
brown represents satellites, red is for generated fit, and black is for raw data. See 
Table S1 (SI) for the deconvolution parameters. (b) HR Pt 4f XPS of Pt-2. Blue 
and green lines represent 4f3/2 and 4f1/2 of Pt0, respectively. Red is for generated 
fit and black is for raw data. 

Formation of Pt0 NPs instead of Pt oxide which might be expected 
from the Pt(acac)2 thermal decomposition, is due to partial 
decomposition of benzyl ether into benzyl radicals,[16] which, in turn, 
may serve as reducing agents.[17] 
Pd-containing magnetite NPs stabilized by PPQ were prepared at 
lower Pd(acac)2 loadings than those of Pt(acac)2 (0.01 mmol for 
Pd-1, 0.02 mmol for Pd-2, and 0.04 mmol for Pd-3) to minimize the 
formation Pd NPs unconnected to magnetite NPs. The TEM images 
of these samples presented in Figure S4 (SI) show similar 
morphology as that observed for Pt-containing magnetite NPs. 
Moreover, even at the highest loading nearly all the Pd NPs are 
connected to magnetite NPs or located in their vicinity, allowing 
successful magnetic separation. The location of Pd and Fe species 
is confirmed by the STEM EDS maps presented in Figure 5 for Pd-
3. The XRD pattern of Pd-2 shows mainly reflections of magnetite 
and the (111) reflection of Pd0 (Fig. S5, SI).[18] Appearance of only 
the strongest reflection was observed for other composite Pd-
containing materials.[19] The XPS data are consistent with those of 
XRD with the HR Fe 2p XPS spectrum characteristic of solely 
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Fe3O4
[10, 13] (Fig. S6, SI) and the HR Pd 3d XPS spectrum 

representative of Pd0 (Fig. S7, SI). Thus, although FePd NPs are 
reported in literature,[20] they were not formed in the reactions 
conditions described in this paper. Instead, Pd0 NPs with diameters 
around 3 nm were made. 

 
Figure 5. STEM EDS maps of Fe (a), Pd (b), and their superposition (c) for Pd-3.  

Along with PPQ, Pd-containing magnetite NPs were synthesized in 
the presence of PPP as capping molecules (Table 2). This was 
motivated by the results of our preceding work on doped Zn-
containing magnetic oxides NPs, where hyperbranched PPP 
allowed for a much higher catalytic activity.[9] TEM images for PPP 
stabilized Pd-containing magnetite NPs presented in Figure S8 (SI) 
show similar morphology as that in the case of the PPQ NP 
stabilization (see Fig. S4, SI). Here, Pd NPs (~3 nm) appear farther 
from the magnetite NPs.  However, they are tethered to the latter 
via branched PPP molecules as was confirmed by TEM imaging 
(not shown) after magnetic separation. The XRD pattern of Pd-6 
(Fig. S9, SI) contains typical reflections of magnetite and a full set 
of reflections of Pd0.[21] XPS was not performed because polymer 
shielded the NP surface and no reliable signal could be obtained.[9] 
 
Table 2. Pd-containing magnetite NPs stabilized by PPP. 

 

Sample notation Pd(acac)2 amount, g 
(mmol) 

Pd NP size, nm 
  

Pd-4  0.0015  (0.005) 3.4±0.7 

Pd-5 0.003 (0.01) 3.3±0.8 

Pd-6 0.006 (0.02) 3.2±0.7 

 
Catalytic properties of Pt- and Pd-containing magnetite NPs in 
furfural hydrogenation 
To determine optimal reaction conditions of the FF hydrogenation, 
we varied the reaction temperature, pressure and the solvent type 
for the Pd-containing magnetite NPs prepared with 0.01 mmol of 
Pd(acac)2 and stabilized by PPQ (Pd-1). The data obtained for the 
temperature and pressure dependences are presented in Figures 
S10 and S11 (SI), respectively. The FF conversion increases as 
the temperature and pressure increase, while the selectivity to FA 
goes through maxima at 120 °C and 6 MPa. This can be explained 
by intensification of side reactions upon the increase of temperature 
and pressure. The identified side products are i-propyl-furfural 
ether, 2-furaldehyde diisopropyl acetal,  tetrahydrofurfuryl alcohol, 
furan, tetrahydrofuran, and 2-methylfuran.[22] Thus, the temperature 

of 120 °C and the pressure of 6 MPa were chosen for all further 
experiments described in the paper.  
It is well-established that the solvent type is an important factor in 
the FF hydrogenation. The solvent effect is typically associated with 
solvent polarity, solubility of hydrogen and FF, and interactions 
between the catalyst and the solvent.[22-23] In this work, the influence 
of the solvent on the FF conversion and the selectivity to FA was 
studied for very polar solvents (water, methanol, ethanol), non-
polar solvents (hexane, toluene), and the solvent with medium 
polarity (i-propanol). It is noteworthy that the FF dielectric constant 
is 41.9,[24] while for PPQ, it is 2.8.[25] The FA dielectric constant was 
not found in literature but it should be comparable or even higher 
than that of FF. Figure 6 shows that the highest activity and 
selectivity are obtained in i-propanol. 
There are several competing events (access to catalytic NP surface, 
adsorption of FF, etc.) which need to be taken into account when 
the solvent influence is discussed. Because the stabilizing polymer 
is quite hydrophobic, in a very polar solvent it will be compressed 
(precipitated) around Pd NPs, thus, preventing access of FF to the 
catalytic sites. Additionally, the solvent will compete with FF for 
adsorption on catalytic centers of NPs. Furthermore, when 
methanol and ethanol are used as solvents, acetals are formed as 
side products.[4e, 22a, 26] In the non-polar solvent PPQ will be swollen 
allowing for a complete access to the Pd NP surface, but the FF 
solubility will be limited, leading to a two-phase reaction solution. 
Moreover, the catalyst and FF will be in two different phases, thus 
limiting access to catalytic centers. On the other hand, in the 
solvent with medium polarity, i-propanol, an optimal balance of the 
FF solubility and satisfactory access to the metal catalytic centers 
is achieved leading to the highest activity and selectivity. In all 
further catalytic experiments, i-propanol was used as solvent. 
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Figure 6. Dependences of the FF conversion and the selectivity to FA on the 
solvent dielectric constant.[27] 

Table 3 shows catalytic data for the FF hydrogenation in the 
presence of Pt- and Pd-containing magnetite catalysts as well as 
the magnetite NPs stabilized by PPQ and PPP as control 
experiments. 
The magnetite NPs alone stabilized by PPQ weakly catalyze FF 
hydrogenation resulting in the 15.3% conversion after 450 min. 
However, FA is not detected. Apparently, FA formed immediately 
reacts with i-propanol leading to i-propyl-furfural ether.[1b, 28]  Similar 
behavior was observed for Fe3O4-PPP, but the FF conversion is 
even lower: 2.7%. The Pt-Fe3O4 NPs (Pt-2, Pt-3, and Pt-4) allow for 
nearly full conversion of FF after 450 min. (Pt-1 with the highest Pt 
loading was not studied because it contained Pt NPs which were 
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not magnetically recoverable). It is noteworthy that both catalytic 
activity and selectivity improve with the decrease of the Pt content.
 
Table 3.  FF conversion, product distribution, catalytic activity, and selectivity for Pt- and Pd-containing magnetite NPs in the FF hydrogenation.[a] 

 

Catalyst 
notation[b] 

Pt(Pd) 
amount, 
wt.% 

FF conversion,  % Products, % Catalytic activity, 
min-1 [e] 

Selectivity to FA, % 

FA  Ether[c] Other[d] 

Fe3O4-PPQ - 15.3 - 15.3 traces  - 

Fe3O4-PPP - 2.7 - 2.7 traces   

Pt-2 0.9 98.7 72.8 25.1 0.8 20.1 73.8 

Pt-3 
 

0.5 98.9 74.3 23.4 1.2 50.2 75.1 

Pt-4 
 

0.3 98.8 78.5 19.6 0.7 85.1 79.5 

Pd-1 
 

0.7 98.9 87.7 10.3 0.9 20.3 88.7 

Pd-2 1.2 97.8 84.8 11.8 1.2 12.6 85.2 

Pd-3 2.1 98.5 81.2 12.3 5.0 8.5 82.4 

Pd-4 0.3 98.8 98.1 0.7 - 871 99.3 

Pd-4 third 
use 

0.3 98.9 98.0 0.9 - 865 99.1 

Pd-4 fifth 
use 

0.3 98.6 97.8 0.8  859 99.2 

Pd-5 0.8 99.7 99.1 0.6 - 234 99.4 

Pd-6 1.95 99.2 96.4 2.8 - 103 97.2 

 [a] Reaction conditions: Temperature 120 °С, pressure (Н2) 6 MPa, furfural volume 2 mL, i-propanol volume 48 mL, reaction time 450 min; The catalyst 
amount was chosen to keep the molar ratio Pt(Pd)/furfural equal 10-4; [b] Pd-4, Pd-5, and Pd-6 were stabilized by PPP, while all other catalysts are stabilized 
by PPQ; [c] i-propyl-furfural ether; [d] other: tetrahydrofurfuryl alcohol, 2-methylfuran, and tetrahydrofuran; [e] catalytic activity was calculated as moles of FF 
converted per mole of metal (Pt or Pd)  per minute. 
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The better catalytic performance at low catalytic metal loading 
could be due to elimination of steric shielding of NPs by each 
other when they are in close proximity. On the other hand, for Pt 
catalysts, the selectivity to FA at ~99% conversion does not 
exceed 79.5% even at the lowest Pt loading (Pt-4, Table 3). For 
this catalyst, the activity calculated per the Pt mole reaches 85.1 
min-1 which is comparable with the catalysts based on noble 
metals (Pd, Pt, Ru)[4e, 26, 29] and by an order of magnitude higher 
than the activities of the Ni or Cu based catalysts.[1b, 6, 30] For Pt 
NPs supported on inorganic oxides, high selectivity (up to 97%) 
was observed but only at the conversion not exceeding 79%.[4e] 
In the case of Pd-containing magnetite NPs stabilized by PPQ, 
the selectivity to FA increased to 88.7% at the lowest Pd loading, 
but the activity was disappointedly low and did not exceed 20.3 
min-1. Alternatively, for Pd-containing magnetite NPs stabilized by 
PPP, the high selectivity to FA of 99.3% at ~99% conversion was 
achieved at a remarkable activity of 871 min-1. 
It is noteworthy that the activity presented in Table 3 was 
calculated per mole of Pd. On the other hand, for NPs of ~ 3 nm, 
the fraction of surface atoms is only about 50% of all atoms,[31] 
indicating that the turnover frequency (TOF) of this catalysts is at 
least 1742 min-1 if all the surface atoms are accessible for 
catalysis, indicating the lowest possible TOF. (Normally, only a 
fraction of surface atoms contains catalytic centers so actual TOF 
could be even higher.) This activity is much higher than that 
obtained for Pd/Al2O3 (note that in the paper the TOF is given in 
h-1)[32] and to the best of our knowledge, for all catalysts reported 
in literature.[22b, 28a, 32] Moreover, in our case, it is combined with 
high conversion and selectivity. 
It is worth noting that in all catalysts the sizes of Pd and Pt NPs 
are nearly the same (~3 nm), allowing us to decouple the 
influence of the two other factors on catalysis: (i) type of a catalytic 
metal when the same stabilizing polymer is used or (ii) the type of 
a polymer for the same catalytic NPs. In the case of PPQ 
stabilization, Pd nanoparticles show higher selectivity at lower 
activity, while for Pt NPs the activity is higher, but only at low metal 
loading. A comparison of the catalytic activities of the Pd-
containing magnetite NPs stabilized by PPQ and PPP clearly 
demonstrates the advantages of the open and rigid structure of 
the hyperbranched PPP vs. linear PPQ. We believe that better 
access to the catalytic species in the PPP stabilized Pd-containing 
magnetite NPs governs their exceptional catalytic activity.  
It is important to emphasize that PPP stabilization allows for not 
only much higher activity but also excellent selectivity, i.e., 99.3% 
vs. 88.7% for PPQ stabilization at 99% conversion. This effect can 
be explained by tethering the Pd NPs to the Fe3O4 NPs via a 
hyperbranched PPP chain instead of positioning the Pd NPs in 
the close proximity of the magnetite NPs. Indeed, as the control 
experiment showed, the magnetite NPs promote fast alcoholysis 
of FA to i-propyl-furfural ether. When magnetite NPs are well 
shielded by the polymer as in the case of PPP, this transformation 
is minimized leading to higher selectivity to FA. 
To assess stability of the Pd-containing magnetite NPs capped by 
PPP, they were magnetically separated after the first catalytic 
reaction and tested in four consecutive catalytic experiments. The 
TEM image of the catalyst after the last reaction is presented in 
Figure S12 (SI). The catalyst looks virtually the same as the 

catalyst before the reaction (Fig. S8a, SI) owing to excellent 
stabilization by thermally stable, rigid PPP. The data presented in 
Table 3 demonstrate that both activity and selectivity are nicely 
preserved after five consecutive catalytic reactions, making these 
catalysts promising for future industrial applications.  

Conclusions 

Novel Pt- and Pd-containing magnetite NPs stabilized by linear 
PPQ or hyperbranched PPP have been synthesized and studied 
as catalysts in the FF hydrogenation to FA. These composite NPs 
were obtained in a one-pot procedure by thermal decomposition 
of the corresponding acetylacetonates in the reaction solution of 
preformed magnetite NPs. TEM shows formation of ~3 nm NPs 
with a darker electron contrast along with initial magnetite NPs. 
XRD and XPS confirm the magnetite structure and zero-valent 
character of Pt and Pd NPs. At comparatively low Pt and Pd 
precursor loadings the Pt or Pd NPs are located in the polymer 
shells of magnetic NPs, making them magnetically recoverable. 
Considering that catalytic NP sizes are nearly the same for the 
PPQ and PPP stabilized catalysts, we were able to decouple the 
polymer structure influence on the catalytic performance. 
Hyperbranched PPP allows for better access to catalytic species 
compared to linear PPQ, leading to much higher catalytic activity. 
A larger distance between Pd and Fe3O4 NPs in the case of PPP 
tethering also allows for higher selectivity to FA (99.3%) at nearly 
100% conversion. The combination of high performance with 
increased stability and easy magnetic recovery makes these 
catalysts promising for further applications in fuel and energy 
related fields. 
 

Supporting Information 

Information about experimental procedures, methods, magnetic 
separation, TEM images, XRD patterns, XPS data and 
dependences of the FF conversion and the selectivity to FA on 
temperature and pressure are provided in the Supporting 
Information. 
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