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Abstract 

Recycling of epoxy composites, one of the most widely utilized thermoset plastics, is of importance for 

achieving circular economy as demand for the lightweight materials in the field of sustainable technologies is 

soaring. Although catalytic hydrogenolysis of epoxy resins provides a promising approach to recover valuable 

fillers and phenolic compounds from the composites, there is a lack of a reusable heterogeneous catalyst for 

this purpose. Here, we report a robust Ni−Pd bimetallic nanoparticles supported on CeO2 (Ni−Pd/CeO2) for 

the hydrogenolysis of epoxy resins under mild conditions (180 °C, 1 atm of H2). Mechanistic studies revealed 

that Pd-induced reduction of Ni2+ to Ni0 is the key for the high efficiency of the bimetallic catalyst. Benefiting 

from its heterogeneous nature, Ni−Pd/CeO2 can be easily recycled and reused for several times. The catalyst 

is also applicable to decomposition of carbon fiber-reinforced epoxy resins to recover carbon fibers and 

bisphenol A, indicating the potential application of our catalyst system toward recycling of epoxy composites. 

 

Introduction 

The growing global concerns on plastic waste contamination have urged our society to develop effective 

ways to recycle end-of life plastics.1 Epoxy resins, which share the majority of thermoset market, are widely 

applied in various areas such as construction, electronics, aircrafts, automobiles, and wind turbine blades 

typically in the form of fiber-reinforced epoxy composites (Figure 1a).2 Different from thermoplastics such as 

polyethylene terephthalate, thermosetting epoxy resin composites are not suitable for mechanical recycling 

due to deterioration of material properties, and thus most of the composites are landfilled which not only 

wastes resources but also causes serious environmental problems.3 As the demand for epoxy resin composites 

are soaring with the increasing demand for lightweight materials in the field of sustainable technologies such 

as electric vehicles and wind power plant, the development of efficient approaches to recycle epoxy 

composites is getting more and more attention for achieving circular economy and carbon neutralization.2,3 

To date, a wide range of methods have been developed for decomposition of epoxy composites (Figure 1a).3 

For example, pyrolysis under energy-intensive high temperature conditions is an approach to recover fillers 

from the composites, which often causes damage to the fillers due to the harsh conditions.4 Other methods, 

such as oxidative decomposition5 using oxidants (e.g., H2O2), or solvolysis6 in concentrated acids (e.g., nitric 

acid) or bases (e.g., NaOH) has also been developed to deconstruct epoxy resin metrics. However, they have 

shortcomings of using the undesirable oxidants or a large excess amount of acid or bases which would increase 

the environmental burden. In addition, all the above methods mainly focus on the recovery of fillers in the 

composites, and epoxy resin building blocks such as bisphenol A (BPA) are difficult to recover. In this context, 
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chemical recycling of epoxy resins is of importance to recover valuable fillers together with phenolic 

compounds from the epoxy composites, but highly challenging due to their inert nature. Recently, it has been 

revealed that BPA can be recovered from epoxy resins by using a super-stoichiometric amount of potassium 

t-butoxide (4 equiv. with respect to BPA units)7 or NaOH (6 equiv. with respect to BPA units).8 However, 

tedious work-up procedures using a large quantity of acids are necessary to obtain BPA because the primary 

products are potassium or sodium phenolate. 

Quite recently, catalytic reductive decomposition of epoxy resins to recover BPA has received much 

attention (Figure 1b).9,10 For example, Ahrens and Skrystrup have reported a homogeneous Ru-based catalyst 

for decomposition of  epoxy resin composites to recover fibers and BPA using 2-propanol as the hydrogen 

source.9 Concurrently, our group has developed a homogeneous Ni-based catalyst for hydrogenolysis of epoxy 

resins to recover BPA using H2 as the reductant.10 In spite of the efficiency of these catalyst systems for 

recovering BPA and fibers from epoxy composites, they suffer from difficulties in catalyst recovery and reuse 

due to the homogeneous nature of the catalysts, which is problematic especially when noble metal catalysts 

are employed. Therefore, the development of a robust and reusable heterogeneous catalyst for hydrogenolysis 

of epoxy resins to recycle epoxy resin composites using readily available H2 is highly desirable. However, as 

far as we know,3−10 there is a lack of a heterogeneous catalyst for decomposition of epoxy composites to 

recover phenolic compounds and fillers. 

Here, for the first time, we successfully developed a reusable Ni−Pd bimetallic nanoparticles supported on 

CeO2 (Ni−Pd/CeO2) for the hydrogenolysis of epoxy resins (Figure 1c). Considering most of epoxy resins 

utilized nowadays are prepared by curing the BPA-based epoxide prepolymer with amines or acid anhydrides 

(Figure 1a),2,11 the key to recover BPA is the selective hydrogenolysis of C(sp3)−O bonds in the phenolic 

ethers without reduction of aromatic rings in the resin backbone. Bimetallic catalysts have widely been applied 

to the hydrogenolysis of C−O bonds for upgrading biomass such as lignin.12 Because the basic structure of 

epoxy resins contains β-hydroxy ether moieties sharing similar structures with the β-O-4 linkage in lignin,13 

we considered to explore bimetallic catalysts for the hydrogenolysis of epoxy resins. As such, we found that 

a combination of Ni and Pd showed high activity for the hydrogenolysis of epoxy resins cured with amines or 

acid anhydrides. The Ni−Pd/CeO2 catalyst can also be applied to the decomposition of carbon fiber-reinforced 

epoxy resins (CFRP) to recover carbon fibers and BPA, implying its potential application to recycle epoxy 

thermosets. 
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Figure 1. Outline of this work. (a) Structure of typical epoxy resin composites and traditional methods for 

their decomposition. (b) Catalytic reductive decomposition of epoxy composites using homogeneous Ru or 

Ni catalysts. (c) This work: decomposition of epoxy composites via hydrogenolysis of epoxy resins using a 

reusable heterogeneous Ni−Pd/CeO2 catalyst. 

 

Results and discussion 

Catalyst development. Our starting point to develop efficient supported bimetallic catalysts for the 

hydrogenolysis of the C(sp3)−O bonds in epoxy resins using H2 as the hydrogen source is to combine two 

different metals that are effective for C−O bond cleavage and H2 activation, respectively. In this context, 3d 

transition metals (Ni, Co, and so on) are known to be active for the C−O bond cleavage,14 and noble metals 

such as Pd and Pt are efficient for H2 activation.15 In addition, it has been reported that the combination of 3d 

and noble transition metals can efficiently promote the hydrogenolysis of the β-O-4 linkage in lignin.16 

Therefore, we initially tried various combinations of 3d transition metals and Pd (or Pt) supported on CeO2 

for the selective hydrogenolysis of the C(sp3)−O bonds in epoxy resin backbone. The supported metal catalysts 

were prepared either by deposition-precipitation or incipient wetness impregnation method followed by 

treatment with 1 atm of H2 at 150 ºC for 0.5 h (the supported metal catalysts are designated as MxM’y/support, 

where the ratio of M to M’ is x/y; see Supporting Information for the details of the preparation of the catalysts). 

Then, the hydrogenolysis of epoxy resin model 1 was carried out in N-methylpyrrolidone (NMP) at 180 ºC 

and under 1 atm of H2 to evaluate the catalytic activity. Among various CeO2-supported bimetallic catalysts 

such as Ni1Pd1/CeO2, Cu1Pd1/CeO2, Co1Pd1/CeO2, Fe1Pd1/CeO2, Mn1Pd1/CeO2, Ni1Pt1/CeO2, and 
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Fe1Pt1/CeO2, Ni1Pd1/CeO2 showed the highest activity for the hydrogenolysis of 1, and gave the corresponding 

hydrogenolysis product, BPA (2), in 74% yield along with 4-isopropylphenol (3) and phenol (4), which are 

formed by C−C bond cleavage of 2 (Table 1, entries 1−7). Interestingly, the reduction of aromatic rings of 

phenolic compounds did not occur. The conversion of 1 and the yields of phenols were gradually increased 

with increasing the amount of the supported Pd species (Table 1, entries 1, 8, and 9). In contrast, there are no 

substantial change in the conversion or yield when the amount of Ni was increased or decreased (Table 1, 

entries 1, 10, and 11). The single metallic Ni/CeO2 or Pd/CeO2 was not as effective as the Ni−Pd bimetallic 

catalysts for the hydrogenolysis and gave significantly lower yield of the corresponding hydrogenolysis 

product(s) (Table 1, entries 12 and 13). Ni−Pd supported on other supports, such as TiO2, Al2O3, or ZrO2, 

resulted in much lower conversion and yields than Ni1Pd1/CeO2 (Table 1, entries 14−16). Furthermore, a 

physical mixture of Ni/CeO2 and Pd/CeO2 resulted in a higher activity than Ni/CeO2 or Pd/CeO2 alone (Table 

1, entry 17 vs 12 and 13), but still gave a much lower conversion and yield than Ni1Pd1/CeO2 (Table 1, entry 

17 vs 1). Therefore, only if Ni together with Pd were directly supported on CeO2, the activity for the 

hydrogenolysis was increased dramatically, and the cooperation between Ni and Pd is crucial for the high 

activity of Ni1Pd1/CeO2. As a control experiment, CeO2 could not promote the hydrogenolysis of 1 (Table 1, 

entry 18). 
 

Table 1. Effect of catalysts on the hydrogenolysis of an epoxy resin model 

 

aReaction conditions: 1 (200 mg, 0.52 mmol BPA unit), MxM’y/CeO2 (100 mg; M ≈ 4.2x mol%; M’ ≈ 4.8y 

mol%, the exact amount of the metal used in the hydrogenolysis is varied slightly depending on the kind of 

supported metal species), NMP (2.0 mL), 180 °C, H2 (1 atm, balloon), 12 h. Conversion of 1 and yield of 4 

were determined by 1H NMR analysis. Yields of 2 and 3 were determined by GC analysis. bNi/CeO2 (100 mg, 

Ni = 4.0 mol%). cPd/CeO2 (100 mg, Pd = 5.0 mol%). dCeO2 (100 mg). 

Entrya Catalyst Conv. of 1 (%) 
Yield (%) 

2 3 4 

1 Ni1Pd1/CeO2 93 74 19 15 

2 Cu1Pd1/CeO2 25 19 1 0 

3 Co1Pd1/CeO2 41 25 12 11 

4 Fe1Pd1/CeO2 45 21 0 0 

5 Mn1Pd1/CeO2 49 38 3 3 

6 Ni1Pt1/CeO2 17 14 0 0 

7 Fe1Pt1/CeO2 22 6 0 0 

8 Ni1Pd0.1/CeO2 28 12 0 0 

9 Ni1Pd0.5/CeO2 51 36 2 0 

10 Ni0.5Pd1/CeO2 97 70 16 15 

11 Ni2Pd1/CeO2 95 77 9 9 

12b Ni/CeO2 11 1 0 0 

13c Pd/CeO2 18 9 2 1 

14 Ni1Pd1/TiO2 23 6 0 0 

15 Ni1Pd1/Al2O3 11 4 0 0 

16 Ni1Pd1/ZrO2 5 1 0 0 

17b,c Ni/CeO2 + Pd/CeO2 49 29 4 4 

18d CeO2 3 0 0 0 
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Characterization of the catalyst. The Ni1Pd1/CeO2 catalyst was characterized by powder X-ray diffraction 

(XRD), X-ray photoelectron spectroscopy (XPS), X-ray absorption fine structure (XAFS) spectroscopy, and 

high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) analysis. XRD 

pattern of the catalyst revealed that the structure of CeO2 was maintained well upon immobilization of Ni and 

Pd species and the subsequent treatment with H2 gas (Figure 2a). Furthermore, no apparent diffraction peaks 

attributable to Pd, Ni, or NiO were observed, indicating Ni and Pd species are highly dispersed on CeO2 

surface (Figure 2a). From the X-ray photoelectron spectroscopy (XPS) analysis of Ni1Pd1/CeO2, the supported 

Ni−Pd alloy nanoparticles contain Pd2+ (336.8 and 342.2 eV), Pd0 (335.2 and 340.5 eV), Ni2+ (855.4 eV), and 

Ni0 (852.4 eV) species, and the ratios of Pd2+ to Pd0 and Ni2+ to Ni0 were 17/83 and 79/21, respectively (Figure 

2b and 2c). Pd K-edge X-ray absorption near edge structure (XANES) spectrum of 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Characterization of the catalysts. (a) XRD patterns of (i) Ni1Pd1/CeO2, (ii) CeO2, (iii) the powder 

diffraction file of Pd metal (file No. 8796), (iv) the powder diffraction file of Ni metal (file No. 8783), (v) the 

powder diffraction file of NiO (file No. 5898), (vi) the powder diffraction file of CeO2 (file No. 11). (b) XPS 

spectrum of Ni1Pd1/CeO2 in the region of 332−344 eV (Pd 3d). (c) XPS spectrum of Ni1Pd1/CeO2 in the region 

of 849−867 eV (Ni 2p). The black line indicates the original spectrum, the blue, red, and orange broken lines 

indicate the deconvoluted signals, and the green broken line indicates the sum of the deconvoluted signals. (d) 

Pd K-edge XANES spectrum. (e) Ni K-edge XANES spectrum. (f) STEM image and particle size distribution 

of Ni1Pd1/CeO2 (average = 2.6 nm; standard deviation, σ = 0.8 nm, n = 256). (g) HAADF-STEM image and 

elemental mapping of Ni1Pd1/CeO2 by EDS analysis.  
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Ni1Pd1/CeO2 showed that the supported Pd is mainly composed of Pd0 species (Figure 2d). From Ni K-edge 

XANES spectrum, it is revealed that the catalyst mainly contains Ni2+ species (Figure 2e). Therefore, the 

results obtained from XANES spectra are in good agreement with that from XPS spectra. HAADF-STEM and 

EDS analysis of the catalyst showed that Ni and Pd species are located on the same position of the catalyst 

surface, and the average particle size was approximately 2.6 nm (Figure 2f and 2g). 

 

Hydrogenolysis of other epoxy resin model compounds by Ni1Pd1/CeO2. As shown in Scheme 1, 

Ni1Pd1/CeO2 can efficiently promote the hydrogenolysis of various epoxy model compounds. For model 

compounds 5−7 having hydroxy group adjacent to the ether bonds, the hydrogenolysis proceeded smoothly 

under 1 atm of H2, giving the corresponding hydrogenolysis product 9 in high yields (Scheme 1). When the 

hydrogenolysis of 5 was carried out in the presence of tributylamine, substantial amounts of the C−C bond-

cleaved products such as 3 (45%), 4 (13%), and anisole (29%) were obtained (Scheme S1). Therefore, the 

amine moiety in model 1 resulted in the formation of 3 and 4 for the hydrogenolysis of 1 (Table 1, entry 1). 

The hydrogenolysis of models 5−7 also proceeded under N2 with lower yields of 9 produced, indicating the 

transfer hydrogenolysis proceeds for which the hydroxy groups would serve as the hydrogen source. In 

addition, the hydrogenolysis of the ether without the hydroxy group did not proceed at all, suggesting that the 

hydroxy group is indispensable for the hydrogenolysis of the ether bonds (Scheme 1, model 8). The reason 

for the necessity of the hydroxy group is discussed in the following section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Hydrogenolysis of various epoxy resin model compounds by Ni1Pd1/CeO2. Reaction 

conditions: model 5 or 8 (0.25 mmol), Ni1Pd1/CeO2 (100 mg), NMP (2.0 mL), 180 °C, H2 (1 atm, balloon), 9 

h. For model 6 or 7, 0.50 mmol of the substrate was used. The catalyst was pre-treated with 1 atm of H2 at 

150 °C for 0.5 h. The yields of 9 are shown here for the hydrogenolysis of each model compound under H2 or 

N2. The yields were determined by GC analysis. 

 

Mechanistic studies.  The reaction pathway for the present hydrogenolysis was investigated. As mentioned 

above, the hydrogenolysis of models 5−7 proceeded even under N2 and model 8 did not react at all (Scheme 

1). Therefore, as shown in Figure 3a, it is likely that the hydrogenolysis proceeds through dehydrogenation of 

the alcohol moiety to form the corresponding ketone intermediate followed by hydrogenolysis of the C−O 

bond adjacent to the carbonyl group. The proposed reaction pathway was further supported by the 

hydrogenolysis of models 10 and 11 (Figure 3b). When the hydrogenolysis of 10 was carried out at 180 °C 
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and under 1 atm of H2 for 6 h, full conversion of 10 gave 9, 2-tetradecanone (12), and 2-tetradecanol (13) in 

91%, 80%, and 14% yield, respectively (Figure 3b (i), entry 1). Notably, when Ni/CeO2 was used as the 

catalyst, the dehydrogenated ketone intermediate 11 was detected (Figure 3b (i), entry 3). In addition, the 

hydrogenolysis of 11 using Ni1Pd1/CeO2 proceeded smoothly (Figure 3b (ii), entry 1), supporting the reaction 

proceeds through the ketone intermediate as shown in Figure 3a. Also, the formation of 10 during the 

hydrogenolysis of 11 suggests that an equilibrium between 10 and 11 exists via dehydrogenation and 

hydrogenation (Figure 3b (ii), entries 1 and 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Mechanistic studies. (a) Proposed reaction pathway for the hydrogenolysis. (b) Hydrogenolysis of 

models 10 and 11 using Ni1Pd1/CeO2, Pd/CeO2, and Ni/CeO2. (c) The hydrogenolysis of model 5 using 

Ni1Pd1/CeO2 treated under different temperatures. (i) reaction profiles; (ii) XPS spectra of the catalysts in Pd 

3d region; (iii) XPS spectra of the catalysts in Ni 2p region. The black line indicates the original spectrum, the 

blue, red, and orange broken lines indicate the deconvoluted signals, and the green broken line indicates the 

sum of the deconvoluted signals. 
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Next, the role of the supported Ni and Pd species for the hydrogenolysis was investigated. For the 

hydrogenolysis of 11, Pd/CeO2 resulted in almost the same conversion and yields as Ni1Pd1/CeO2 (Figure 3b 

(ii), entry 1 vs entry 2), but is much more active than Ni/CeO2 (Figure 3b (ii), entry 2 vs entry 3), indicating 

the supported Pd species are highly active and mainly responsible for the hydrogenolysis of the C−O bond. 

On the other hand, Pd/CeO2 showed much lower activity than Ni1Pd1/CeO2 for the hydrogenolysis of 10 

(Figure 3b (i), entry 1 vs entry 2), which suggests the Pd species alone have lower efficiency for the 

dehydrogenation step, and Ni together with Pd substantially promote the dehydrogenation of 10 to 11.  

For the hydrogenolysis of model 5, an induction period was observed (Figure 3c (i), and Figure S1). To 

investigate the origin of the induction period, we pretreated Ni1Pd1/CeO2 with 1 atm of H2 at different 

temperatures, and the hydrogenolysis of 5 was carried out using these catalysts. The reaction profiles showed 

that the induction period was decreased with increase of the pre-treatment temperature (Figure 3c (i)). XPS 

analysis of the catalysts showed that the ratio of Pd2+ to Pd0 was approximately the same when the catalysts 

were treated at different temperatures. However, the ratio of Ni2+ to Ni0 was decreased from 79/21 to 49/51, 

indicating a substantially larger amount of Ni2+ species was reduced to Ni0 at higher pre-treatment temperature. 

Therefore, the supported Ni species rather than Pd species are related to the induction period, and the higher 

amount of the surface Ni0 species resulted in the shorter induction period. This result was further supported 

by the following experiments. When Ni1Pd1/CeO2 treated at 150 °C was recovered after the hydrogenolysis 

of 5 for 2 h, the ratio of Ni2+ to Ni0 was decreased from 79/21 to 57/43, and the ratio was kept almost unchanged 

until the end of the reaction (61/30), supporting that Ni2+ was reduced to Ni0 during the induction period 

(Figure S2).  

In our bimetallic catalyst system, Pd induces the reduction of Ni2+ to Ni0. When Ni/CeO2 was reduced with 

1 atm of H2 at 300 °C for 1 h, the ratio of Ni2+ to Ni0 was 73/27 (Figure S3). On the other hand, the ratio was 

49/51 for Ni1Pd1/CeO2 reduced under the same conditions, supporting a larger amount of Ni2+ was reduced to 

Ni0 in the presence of Pd. As the supported Pd species rather than Ni species play the major role for the 

hydrogenolysis of the C−O bond in the ketone intermediate 11, the reduction of Ni2+ to Ni0 is indispensable 

for promoting the dehydrogenation of the alcohol moiety. Overall, the Pd-induced reduction of Ni2+ to Ni0 

enhances the rate of the dehydrogenation step shown in Figure 3a. Consequently, the bimetallic Ni1Pd1/CeO2 

is more efficient than the corresponding single metallic catalysts for the hydrogenolysis of the β-hydroxy ether 

moieties in epoxy resins. 

 

Hydrogenolysis of epoxy resins and decomposition of CFRP. The applicability of our catalyst system was 

demonstrated by the hydrogenolysis of epoxy resins and decomposition of an epoxy composite, CFRP. As 

shown in Scheme 2, Ni1Pd1/CeO2 was successfully applied to the hydrogenolysis of acid anhydride or amine-

cured epoxy resin. For the hydrogenolysis of acid anhydride-cured epoxy resin, a catalytic amount of 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) was added to promote the decomposition,17 and BPA was obtained in 

52% yield (Scheme 2a). The hydrogenolysis of an amine-cured epoxy resin also proceeded efficiently in the 

presence of a catalytic amount of K3PO4 (Scheme 2b). In this case, BPA (2) was not obtained. Instead, C−C 

bond cleavage occurred to give 4-isopropylphenol and phenol in 99% and 81% yield, respectively. As 

described above, the aliphatic tertiary amine moiety in the epoxy resin is responsible for the C−C bond 

cleavage. More importantly, the present catalyst system can be applied to the decomposition of CFRP, by 

which BPA and carbon fiber was successfully recovered from the CFRP. 
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Scheme 2. Ni1Pd1/CeO2-promoted hydrogenolysis of epoxy resins and decomposition of CFRP. (a) 

Hydrogenolysis of an acid anhydride-cured epoxy resin. Reaction conditions: resin (333 mg, 0.50 mmol BPA 

unit), Ni1Pd1/CeO2 (100 mg), DBU (0.125 mmol), NMP (1.0 mL), 180 °C, H2 (1 atm, balloon), 7 d.  (b) 

Hydrogenolysis of an amine-cured epoxy resin. Reaction conditions: resin (223 mg, 0.50 mmol BPA unit), 

Ni1Pd1/CeO2 (100 mg), K3PO4 (0.125 mmol), NMP (1.0 mL), 180 °C, H2 (1 atm, balloon), 3 d. (c) 

Decomposition of CFRP. Reaction conditions: CFRP (200 mg), Ni1Pd1/CeO2 (100 mg), DBU (0.30 mmol), 

NMP (2.0 mL), 180 °C, H2 (1 atm, balloon), 3 d. The catalyst was pre-treated with 1 atm of H2 at 300 °C for 

1.0 h. Yields of the products were determined by GC analysis. 

 

Verification of heterogeneous nature and Reuse experiment of Ni1Pd1/CeO2. The heterogeneous nature of 

the present catalyst system was investigated as follows. For the hydrogenolysis of 5 under the conditions 

shown in Figure 3, the reaction completely stopped when the catalyst was removed by hot filtration at the 

conversion of approximately 60% (Figure 3a). In addition, when the filtrate obtained after the hydrogenolysis 

was analyzed by inductively coupled plasma optical emission spectroscopy (ICP-OES), Ni and Pd species 

were hardly detected (below the detection limit). Therefore, the Ni1Pd1/CeO2 catalyst worked as a 

heterogeneous catalyst and the reaction proceeded on the catalyst surface.18 

Then, the reusability of Ni1Pd1/CeO2 was examined for the hydrogenolysis of 5. The catalyst can be easily 

retrieved from the reaction mixture by simple filtration with >95% recovery after the hydrogenolysis. The 

recovered catalyst was washed with acetone, water, and ethanol followed by drying at room temperature and 

reducing with 1 atm of H2 at 300 °C for 1 h before each reuse experiment. As shown in Figure 3b, the catalyst 

can be reused at least five times without significant loss of its performance. The HAADF-STEM analysis of 

Ni1Pd1/CeO2 recovered after the 5th reuse experiment revealed that the Ni−Pd alloy nanoparticles remain 

b

a

c

https://doi.org/10.26434/chemrxiv-2024-lncxh ORCID: https://orcid.org/0000-0001-5991-5561 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-lncxh
https://orcid.org/0000-0001-5991-5561
https://creativecommons.org/licenses/by-nc-nd/4.0/


highly dispersed without significant aggregation of particles (Figure S4). Furthermore, by comparing the 

powder XRD patterns of the fresh Ni1Pd1/CeO2 and that recovered after the 5th reuse experiment, the structure 

of the CeO2 support remained unchanged (Figure S5). These results support the robustness of Ni1Pd1/CeO2 for 

the hydrogenolysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Leaching test and reuse of Ni1Pd1/CeO2. (a) Effects of removal of the catalyst for the 

hydrogenolysis of 5. The filled squares indicate the yield of 9 without removal of the catalyst, and the open 

squares after removal of the catalyst by hot filtration. (b) Reuse experiments. After the reaction, the catalyst 

was retrieved by filtration, washed with acetone, water, and ethanol, dried at room temperature, then applied 

to each reuse experiment. Reaction conditions: 5 (0.25 mmol), Ni1Pd1/CeO2 (100 mg), NMP (2.0 mL), 180 °C, 

H2 (1 atm, balloon), 7 h. The catalyst was pre-treated with 1 atm of H2 at 300 °C for 1.0 h. The conversion and 

yields were determined by 1H NMR and GC analysis, respectively.  

 

 Furthermore, Ni1Pd1/CeO2 can be reused for the decomposition of CFRP for several times. After the 

decomposition experiment of CFRP, the catalyst can be easily separated from the carbon fiber by washing 

with acetone and water benefiting from the different shape of the catalyst and the fiber (powder vs fiber). The 

recovered catalyst was washed with acetone, water and ethanol several times followed by calcination at 300 °C 

under air and H2 for 3 h and 1 h, respectively. Following these regeneration procedures, the catalyst was again 

subjected to the decomposition of CFRP. As shown in Table 2, the catalyst can be reused at least 5 times 

without notable loss of its performance. After the 5th reuse experiment, 96% of BPA was still obtained 

compared to the decomposition experiment using the fresh catalyst. These experiments demonstrate the 

potential applicability of our catalyst system for the recovery of carbon fiber and phenolic compounds from 

CFRP. 
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Table 2. Reuse of Ni1Pd1/CeO2 for the decomposition of CFRP 

 

Entrya Catalyst 
CFRP 

(mg) 

Catalyst 

recovery (%) 

Recovered 

carbon fiber 

(mg) 

Yield of 2 

(mmol)  

Reusability 

compared to the 

fresh catalyst (%) 

1 Fresh 200 92 106  0.087  - 

2 1st reuse 192 92 106 0.080 95 

3 2nd reuse 199 94 107 0.083 95 

4 3rd reuse 201 96 106 0.084 97 

5 4th reuse 205 92 102 0.083 93 

6 5th reuse 204 93 103 0.085 96 

aReaction conditions: CFRP (approximately 200 mg), Ni1Pd1/CeO2 (100 mg), DBU (0.30 mmol), NMP (2.0 

mL), 180 °C, H2 (1 atm, balloon), 3 d. The recovered catalyst was washed with acetone, water, and ethanol, 

and calcined at 300 °C under air and H2 for 3 h and 1 h, respectively. Yield of 2 was determined by GC analysis. 

 

Conclusion 

In summary, we have successfully developed the heterogeneous Ni−Pd/CeO2 catalyst for the hydrogenolysis 

of epoxy resins to recover phenolic compounds and fillers from the epoxy composites. Notably, the catalyst 

can be applied to the decomposition of CFRP, a widely utilized thermoset plastic used in the field such as 

aircrafts and automobiles. The catalyst can be recycled and reused for several times even for the decomposition 

of the epoxy composite. Mechanistic studies suggested that the reaction proceeds through the 

dehydrogenation/hydrogenolysis sequences. In addition, while the Pd-induced reduction of Ni2+ to Ni0 is the 

key for promoting dehydrogenation of the alcohol moiety, Pd species are mainly responsible for the C−O bond 

hydrogenolysis. The robustness and reusability of Ni−Pd/CeO2 for the decomposition of CFRP imply its 

potential application in recycling of epoxy composites. 
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