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From single atoms to nanoparticles: size
effect on Pd/C-catalyzed hydrogenation of
2,5-furandicarboxylic acid†

Jiali Zheng,a Zhihui Li,*ab Dongsheng Zhang, a Xinqiang Zhao, a Qian Zhaoa

and Yanji Wang *a

In this study, five catalysts with Pd particle sizes ranging from single

atoms to nanoclusters and nanoparticles were synthesized by

controlling the Pd loading amount and preparation methods, and

applied in the hydrogenation of FDCA to THFDCA. Furthermore,

kinetic models were established. Notably, the nanocluster catalyst

demonstrated relatively high hydrogenation activity.

One of the important types of heterogeneous catalysts is supported
metal catalysts, which are extensively utilized in fine chemical synth-
esis and various industrial chemical reactions.1–3 Moreover, the ‘‘size
effect’’ is a crucial factor affecting the activity and selectivity of
supported metal catalysts.4–7 As the size of metal particles decreases
to the nanoscale, their electronic and geometric structures change
significantly, endowing them with several excellent properties.8–11 Li
et al.12 prepared Pd nanoparticles of varying sizes via a stepwise
growth reaction and examined their catalytic performance in the
Suzuki reaction between phenylboric acid and iodobenzene. The
results revealed that the catalytic activity of Pd nanoparticles decreased
with increasing particle size. According to Haruta et al.,13 Au nano-
particles smaller than 5 nm exhibit high CO oxidation activity at
�73 1C, overturning the perception that Au is an inert metal in
catalysis. The changes in the size of metal nanoparticles influence the
geometric and electronic structure of the supported metal catalyst,
thereby regulating its catalytic performance, as demonstrated by the
Fischer–Tropsch reaction catalyzed by Co,14,15 the methane dry
reforming reaction catalyzed by Ni,16,17 and the synthetic ammonia
reaction catalyzed by Ru.18 Therefore, the design of highly active and
selective nanoparticles, nanoclusters, and even single-atom supported
metal catalysts through the precise regulation of the size of metal

nanoparticles has garnered widespread attention from
researchers.19–22

Adipic acid (AA) is a dicarboxylic acid characterized by consider-
able industrial significance and practical value and is an essential
monomer in the production of nylon 66 and polyurethane. Cur-
rently, the global annual production of AA exceeds 3 million tons,
with demand increasing at a rate of 3–5% per year.23 The conven-
tional production of AA relies on the inefficient oxidation process of
petroleum-derived cyclohexane, using highly corrosive concentrated
nitric acid as the oxidant. However, this process presents issues like
low one-way yield, equipment corrosion, and powerful greenhouse
gas NOx. Considering the internal requirements of a dual-carbon
strategy and sustainable development, it is imperative to develop a
green and renewable AA production process.

Notably, 5-hydroxymethylfurfural (HMF) is characterized by its
active aldehyde and hydroxyl groups and can be transformed into
chemical intermediates like 5-hydroxymethylfurfuryl alcohol, 2,
5-diformylfuran, and 2,5-furandicarboxylic acid (FDCA) through
hydrogenation, oxidation, and ring-opening reactions. It serves as
a conduit between biomass resources and high-value chemicals.24,25

Recently, the production of bio-based AA from HMF via FDCA
synthesis and conversion has become a promising approach. Our
research group has successfully developed a four-step reaction
pathway for the synthesis of bio-based AA from HMF (Scheme 1).
These steps include the anaerobic dehydrogenation of HMF to
prepare DFF,26 the one-step synthesis of FDCA from DFF and
hydroxylamine under anaerobic conditions,27 the preparation of
2,5-tetrahydrofurandicarboxylic acid (THFDCA) through the double
bond hydrogenation of FDCA, and the synthesis of AA through the
hydrogenation deoxygenation of THFDCA. This paper mainly
focuses on step III: FDCA double bond hydrogenation to THFDCA,

Scheme 1 HMF synthesis AA flowchart.
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from the whole new process route of HMF synthesis of AA,
FDCA double-bond hydrogenation to THFDCA is an essential
step. Therefore, this work has important theoretical and prac-
tical value. At present, there are few reports about the prepara-
tion of THFDCA by FDCA, and there is no report on the study of
the size effect of the reaction.

In 2016, Asano et al.28 reported the hydrogenation of FDCA
catalyzed by Pt–MoOx/TiO2 in aqueous solvent, thereby achiev-
ing a 20% THFDCA yield under conditions of 1.5 MPa H2 at
140 1C for 4 h. Wei et al.29 examined the hydrogenation of FDCA
catalyzed by Pt/CeO2 using water as the solvent. Here, the
conversion of FDCA was 71%, and the selectivity of THFDCA
was 58% at 3 MPa H2 and 200 1C for 4 h. Furthermore, Rennova
Company30 analyzed the FDCA hydrogenation reaction cata-
lyzed by Pd/SiO2, achieving a THFDCA yield of 88% under
conditions of 5.2 MPa H2 and 140 1C for 3 h.

The Pd-based catalysts demonstrate strong adsorption and
activation capabilities for hydrogen and unsaturated substrates
due to their unique electronic structure, resulting in extremely
high FDCA hydrogenation activity.31 Activated carbon, as a
carrier, has the advantages of low price, stable chemical proper-
ties, acid and alkali resistance, high-temperature resistance,
developed pore structure, and excellent adsorption perfor-
mance. Based on this, this paper presents the design and
synthesis of activated carbon-supported Pd catalysts (Pd/C)
with varying sizes ranging from a single atom to nanoclusters
(1–2 nm) and then to nanoparticles (42 nm) by adjusting the
Pd loading amount and preparation method. Additionally, the
size effect on the catalytic hydrogenation of FDCA to THFDCA is
analyzed. As per the results, the nanocluster Pd/C catalyst
demonstrated the highest hydrogenation activity.

The actual Pd content of Pd/C samples was measured using
ICP-AES/MS (Table 1). The morphology and particle size of the Pd/C
catalysts with different loading amounts were determined through
transmission electron microscopy (TEM) and aberration-corrected
HAADF-STEM characterization (see Fig. 1). The maximum average
particle size of Pd particles was 3.78 nm when the Pd loading was
3.63%, and the Pd nanoparticles were uniformly dispersed on the
surface of the carrier (Fig. 1A). Moreover, the average particle size of Pd
particles gradually decreases as the Pd loading reduces. As the loading
reduces to 1.98%, 0.99%, and 0.20%, the average particle size of Pd
particles decreases to 2.10, 1.83, and 1.09 nm, respectively, and is
highly dispersed (Fig. 1B–D). The presence of Pd single atoms
becomes evident as the Pd loading is further reduced to 0.09%
(Fig. 1E). Notably, the particle size of Pd nanoparticles can be

effectively regulated by adjusting the Pd loading amount,
facilitating the synthesis of Pd/C catalysts with sizes ranging
from nanoparticles to nanoclusters and then to single atoms.

The dispersion of Pd was detected via the CO chemisorption test.
As displayed in Table 1, the variation trend of the dispersion of Pd
particles is opposite to that of particle size. The dispersion of Pd
gradually increases as the Pd loading decreases. At a Pd loading of
0.20%, the maximum dispersion of Pd particles was 95.35%. The
single-atom Pd was obtained by further reducing the Pd load to
0.09%. The Pd particle size calculated by this method aligns with the
results obtained via the TEM method.

Fig. S1 (ESI†) illustrates the XRD patterns of five Pd/C catalysts
with different particle sizes. Notably, two characteristic diffraction
peaks are observed at 22.81 and 42.61, which are attributed to
activated carbon. Nevertheless, no relevant diffraction peaks of Pd
(generally located near 40.11, 46.61, and 681) are observed in the XRD
pattern. This suggests that the Pd nanoparticles in the catalyst are

Table 1 hysical properties of Pd/C catalysts

Samplesa (nm) Pd loadingb (%)

CO chemisorptionc

CO uptake (mmolCO g�1) Pd dispersion (%) Pd particle size (nm)

3.78 3.63 55.85 29.70 3.77
2.10 1.98 48.59 51.70 2.16
1.83 0.99 27.14 57.76 1.94
1.09 0.20 4.48 95.35 1.18
SA 0.09 9.62 100 —

a Measured by HAADF-STEM and TEM images. b Measured by ICP-AES/MS. c Calculated based on CO titration.

Fig. 1 HAADF-STEM images of Pd/C catalysts with different Pd loadings:
(A) 3.63%; (B) 1.98%; (C) 0.99%; (D) 0.20%; (E) aberration-corrected
HAADF-STEM images of 0.09%Pd/C.
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extremely small and uniformly dispersed on the surface of the
activated carbon carrier.32

Subsequently, the electronic properties of Pd species in Pd/C
catalysts were analyzed through XPS. Here, two sets of double peaks
were observed in the Pd 3d region, attributed to Pd 3d5/2 and Pd 3d3/2,
respectively. Among them, the peaks at 335.6 and 340.7 eV of binding
energy corresponding to Pd0, while the peaks at 337.8 and 343.3 eV
are related to Pd2+, and the ratio of Pd2+/Pd0 gradually decreases with
the increase of Pd size, which is consistent with the conclusions
reported in the literature.32–35 In addition, it can be seen from Fig. 2
that with the decrease of the palladium particle size, the peaks of Pd0

and Pd2+ are shifted to the direction of high binding energy, indicating
that the electron transfer process between the Pd species and the
carrier has changed, and the smaller the particle size, the more
electrons of Pd species flow to the carrier, and the more obvious the
electron deficiency state of the Pd species.10,36,37

The effects of reaction time, hydrogen pressure, reaction
temperature, and catalyst dosage on the performance of FDCA
hydrogenation synthesis of THFDCA were investigated using
Pd3.78/C as the catalyst. Table S1 (ESI†) presents the results. The
optimum conditions for the hydrogenation reaction with
a Pd3.78/C catalyst were obtained as follows: 0.1 g catalyst,
3 MPa H2, 120 1C for 5 h, achieving 100% FDCA conversion,
and 100% THFDCA yield. Next, the hydrogenation performance
of four other catalysts with varying sizes was investigated under
this condition. The results revealed that both FDCA conversion
and THFDCA yield could reach 100% when Pd2.10/C and
Pd1.83/C were used as catalysts. Upon using Pd1.09/C and
single-atom Pd/C as catalysts, the conversion of FDCA was
92.8% and 86.7%, respectively, while the yield of THFDCA
reduced significantly to 11.6% and 3.8%. This can be attributed
to the low content of active components in these two catalysts,
resulting in insufficient surface active sites. It can also be
attributed to the different sizes of the catalyst used.

To further explore the aforementioned reasons, the specific
hydrogenation activity of catalysts with different loading
amounts was compared through TOF (turnover frequency)
values. First, to regulate the conversion of FDCA to be roughly
the same, the catalyst amount and reaction time were reduced
to 0.04 g and 60 min, respectively. Furthermore, changes in
conversion over time with different catalyst loadings at varying
temperatures were obtained through online sampling. Fig. S2
(ESI†) shows that the FDCA conversion is positively correlated
with the Pd loading when the reaction temperature is constant.
Thus, a larger Pd loading results in a higher FDCA conversion.

Notably, the FDCA conversion is the highest across the entire
temperature range when Pd3.78/C is utilized as the catalyst,
which is consistent with the maximum number of surface
active sites. Moreover, the conversion of FDCA showed an
overall upward trend with increasing temperature. The varia-
tion trend of THFDCA yield was consistent with the conversion.

As displayed in Fig. 3(a), TOF was calculated based on FDCA
conversion data and was correlated with Pd/C catalyst particle
size. It is noted that the TOF data exhibits a ‘‘volcanic’’ trend
with Pd particle size, indicating that with decreasing Pd particle
size, the hydrogenation-specific activity of the Pd/C catalyst
initially increases and then decreases. Nanocluster catalysts
demonstrate higher FDCA hydrogenation activity, with the Pd/C
catalyst having a particle size of 1.83 nm showing the highest
activity, achieving a TOF of 5.02 min�1 at 120 1C.

Fig. S2 and S3 (ESI†) depict the hydrogenation activity data
of Pd/C catalysts of varying sizes in the range of 90–120 1C. In
light of this, a reaction kinetics equation was constructed for
the hydrogenation synthesis of THFDCA from FDCA. First, to
verify whether the internal and external diffusion effects of the
reaction system can be ignored, the Weisz–Prater criterion
(CWP) and Mears criterion (CM)38 were utilized. The calculation
method can be seen in the ESI.† The calculation results
displayed in Table S2 (ESI†) indicate that Cwp is below 1 and
CM is below 0.15. Hence, the influence of both internal and
external diffusion can be ignored.

The kinetics of FDCA hydrogenation catalyzed by Pd/C with
different sizes were calculated based on the conversion of FDCA
at different times and temperatures. Ignoring the influence of
internal and external diffusion, the rate equation of the hydro-
genation reaction can be seen in the ESI.†

Fig. 3(b) displays the Arrhenius comparison of Pd/C catalysts
with varying sizes. The figure shows that the apparent activa-
tion energy Ea, which is calculated according to the Arrhenius
equation, gradually decreases with increasing Pd particle
size. The activation energy decreases from the maximum of
45.71 kJ mol�1 at PdSA/C to 27.65 kJ mol�1 at 1.09 nm, and then
to the minimum of 17.63 kJ mol�1 at 1.83 nm. It gradually
increased to 21.74 kJ mol�1 at 2.10 nm and 24.20 kJ mol�1 at
3.78 nm. This is primarily due to the weaker H2 dissociation
ability of isolated Pd single atoms, whereas Pd nanoclusters are
more favorable for H2 dissociation.38,39 Consequently, FDCA
hydrogenation catalyzed by PdSA/C has the highest apparent
activation energy, while the lowest apparent activation energy is

Fig. 2 XPS spectra of the Pd/C catalysts in the Pd 3d region.

Fig. 3 (a) Comparison of FDCA hydrogenation activity on Pd/C catalysts
with different sizes (b) Arrhenius curves of FDCA hydrogenation to
THFDCA on Pd/C catalysts of different sizes.
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associated with FDCA hydrogenation catalyzed by the Pd1.83/C
nanocluster catalyst, which is most conducive to FDCA conversion.

To evaluate the recovery and recycling performance of the
Pd/C catalyst, the FDCA hydrogenation reaction was investi-
gated using Pd1.83/C as the catalyst under the aforementioned
optimized conditions. After the reaction, the reaction liquid
was cooled to room temperature. The catalyst was then cen-
trifuged, washed three times with deionized water, vacuum
dried at 100 1C for 12 h, and subsequently utilized for the next
round of reaction. As noted in Fig. 4, after recycling the catalyst
five times, the conversion of FDCA and the yield of THFDCA
remain as high as 97.1% and 95.2%, respectively, implying that
Pd/C has high stability and can be recycled multiple times
while maintaining its structure and activity.

In conclusion, this study presents the synthesis of Pd/C catalysts
ranging from single atoms to nanoparticles by controlling the Pd
loading amount and preparation method. The results demonstrate
the high activity of the Pd/C catalyst for the hydrogenation of FDCA to
THFDCA. For the first time, the size effect of FDCA double-bond
hydrogenation to THFDCA was systematically studied, and it was
found that the particle size of Pd had a great influence on the
hydrogenation activity of FDCA, and five Pd species of different sizes
exhibit considerably different catalytic activities in the FDCA hydro-
genation reaction. From single atom Pd to nanoparticle Pd, the
catalytic activity demonstrates a ‘‘volcanic’’ trend with the particle
size, demonstrating relatively high hydrogenation activity on the
nanocluster catalyst. This activity attains its optimal level on the
Pd1.83/C, indicating that Pd nanoclusters have the optimal catalyst
size for FDCA hydrogenation to THFDCA. This work clarified the
specific effect of particle size on the synthesis of THFDCA, provided a
theoretical basis for the construction of efficient FDCA hydrogenation
catalyst, and provided a reference for the tetrahydride reaction of other
furan compounds.

This work is supported by the National Natural Science
Foundation of China (U20A20152, 21236001).
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