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induced hydrogen activation for
enhanced furfural reductive amination over a CoCu
bimetallic catalyst†

Yilin Wei,‡a Zixu Ma,‡a Beibei Liu,a Jialin Yang,a Dan Wu, a Yongsheng Zhang,a

Yuexing Zhang, *c Chunbao Charles Xud and Renfeng Nie *ab

The synthesis of primary amines from renewable biomass and its derivatives through reductive amination

has garnered significant attention. How to construct efficient non-noble-metal catalysts that enable low-

temperature catalysis still remains challenging. Herein, we report a Cu-doped Co@CoOx heterostructure

catalyst that features structural Co–CoCuOx bifunctional sites, which enable room temperature

reductive amination of various aldehydes with 1.57–45 times higher efficiency than Co@CoOx,

outperforming many reported non-noble and even noble metal catalysts. Experiments and DFT

calculations indicate that Cu doping leads to a phase transition of Co from hcp to fcc, while electrons

are transferred from Cu to Co, forming a dual active site with electron-rich Co closely interacting with

CoCuOx. These electron-rich Co sites demonstrate excellent activity in the activation and dissociation of

hydrogen, while the CuOx component facilitates hydrogen spillover at the CoCuOx interface, thus

resulting in a highly efficient cooperative effect for the furfural (FAL) reductive amination. This work

provides general guidance for the rational design of high-performance reductive amination catalysts for

biomass upgrading.
1 Introduction

The escalating energy and environmental crises caused by huge
global fossil consumption have drawn signicant attention to
the search for renewable resources for chemical and fuel
production.1–3 Biomass has emerged as a promising carbon
source in the chemical industry due to its abundant reserves,
environmental friendliness, and widespread distribution.4,5

Among them, FAL, dehydrated from hemicellulose, can be
further catalytically upgraded into various chemicals via
hydrogenation, oxidative amination, etc.6–9 In particular,
reductive amination is one of the strategies for synthesizing
high-value N-containing chemicals, and its product, furfuryl
amine (FFA), is a promising intermediate for the polymer,
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industries.10,11 Nevertheless, the synthesis of primary amines
with high selectivity poses a signicant challenge due to the
occurrence of numerous side reactions in the process.

Currently, signicant efforts have been made to develop
efficient and selective catalysts for the reductive amination of
biomass-derived aldehydes and ketones. Researchers have
developed homogeneous or heterogeneous catalysts based on
noble metals such as Ru,12–17 Pd,18 Pt,19 and Rh.20,21 Although
these catalysts have demonstrated good catalytic activity for
reductive amination, their widespread application is limited by
high cost and low abundance. In the case of non-noble metals,
catalysts such as Ni,22–24 Co,25–30 and Cu31,32 have been widely
studied. However, they usually require harsh reaction condi-
tions (e.g., elevated temperatures or pressures), which can lead
to catalyst challenges such as leaching, instability, and deacti-
vation.33 Therefore, there is an urgent need to develop an effi-
cient non-noble metal catalyst system that facilitates mild
reductive amination of carbonyl compounds with high efficacy.

The catalytic activity and selectivity of reductive amination
can be tuned by creating efficient bifunctional active sites, with
one site strategically positioned near the other.34–36 These metal
bifunctional sites require appropriate spatial intimacy to meet
the cooperative active site requirements for the activation and
transformation of reactant molecules. Metal bifunctional sites
can be constructed in various structures and forms, including
synthesizing dual single atoms,37 dispersing bimetallic alloys on
supports,38 and graing metal particles onto metal oxides.16,39
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Once the highly dispersed metal centers form intimate inter-
faces with the oxides, the synergistic effects between them
enable these catalysts to exhibit excellent performance. For
example, the Co–CoOx bifunctional site, composed of highly
dispersed Co (center I) and CoOx (center II), demonstrates
a reaction mechanism where the CoOx center activates NH3 to
generate NH2

d− species, while H2 dissociates on the Co surface
and ows toward CoOx.40 Despite signicant advances in cata-
lyst synthesis, achieving catalytically-efficient structures via
precisely controlling the spatial intimacy of multiple active sites
at the sub-nanoscale remains challenging.

Herein, we constructed a CoCu–CoCuOx heterojunction by
modulating the reduction temperature of the crystal phase.
Simultaneously, Cu doping induces the transformation of the
Co crystal phase from hcp to fcc, resulting in a metal bifunc-
tional site with electron-rich Co and oxygen-vacancy-rich
CoCuOx. This heterojunction catalyst facilitated the reductive
amination of FAL at room temperature with N2H4$H2O as the
nitrogen source, displaying signicantly higher activity
compared to its mono Cu and Co counterparts. Compared with
NH3, the utilization of N2H4$H2O as a nitrogen source
completely eliminates the hydrogenation of aldehydes to alco-
hols, and the intermediate with moderate reactivity notably
enhances amine selectivity and effectively prevents the occur-
rence of the imine-induced trimerization side reaction.12,41,42

The morphology and structure of the catalyst were thoroughly
characterized, and a structure–performance relationship was
established. Furthermore, the catalyst's recyclability and
substrate tolerance were investigated. Finally, the reaction
process and mechanism were explored through in situ FTIR,
DFT, and kinetic studies. This study presents a novel approach
for the efficient and selective synthesis of primary amines from
carbonyl compounds under extremely mild conditions without
the aid of noble metal catalysts.

2 Results and discussion
2.1 Catalyst characterization

We synthesized the bimetallic CoCu@CoCuOx catalyst (Co/Cu
feeding ratio of 8/2) via a coprecipitation process (Fig. 1a).
Typically, salts and base were dissolved separately in deionized
water, and the two solutions were mixed to produce
CoCu(CO3)x(OH)y precipitation. Aer calcination, the solid is
transformed into oxidized CoCuOx, which can be partially
reduced at 250 °C to form the CoCu@CoCuOx catalyst based on
the H2-TPR prole (Fig. S1†), with a specic surface area of 20
m2 g−1 (Fig. S2†), 62.9% Co and 16.1% Cu loadings determined
by ICP-OES (Table S1†), well consistent with the theoretical
values.

The crystalline structure of CoCu@CoCuOx was character-
ized using XRD (Fig. 1b). Co@CoOx exhibits four distinct
diffraction peaks at 41.6°, 44.7°, 47.5°, and 75.9°, correspond-
ing to (100), (002), (101), and (110) crystal planes of the Co hcp
phase (PDF#05-0727). Additionally, a diffraction peak attributed
to the (111) crystal plane of CoO (PDF#48-1719) appears at 36.5°,
indicating the coexistence of Co and CoO in Co@CoOx. As for
CoCu@CoCuOx, the diffraction peaks corresponding to the Co
© 2024 The Author(s). Published by the Royal Society of Chemistry
hcp phase disappear, and a new peak appears at 44.2°, corre-
sponding to the (111) crystal plane of the Co fcc phase (PDF#15-
0806). However, no diffraction peaks related to metallic Cu are
observed, which may be due to more uniformly distributed Cu
in the bimetallic catalyst. These results reveal that the Co phase
transition from the hcp to fcc phase is promoted by Cu doping
with H2 reduction at a temperature of 250 °C.

Surface oxides were characterized by Raman spectroscopy, as
shown in Fig. 1c. Co@CoOx exhibits ve typical Raman peaks at
180, 457, 503, 585, and 660 cm−1, corresponding to the F12g, Eg,
F22g, F

3
2g, and A1g modes of CoO.43 Cu@CuOx mainly shows three

characteristic Raman peaks at 277, 323, and 602 cm−1, corre-
sponding to the Ag, B1g, and B2g vibration modes of CuO.
CoCu@CoCuOx primarily displays two peaks, with the peak at
531 cm−1 corresponding to the vibration of Cu2O, and the peak
at 676 cm−1 corresponding to the A1g vibration mode of CoO.44

It is worth noting that the A1g mode Raman peak of CoO in
CoCu@CoCuOx shows a pronounced redshi compared to
Co@CoOx, which is attributed to lattice distortion induced by
abundant oxygen vacancies (Fig. S3, S4 and Table S2†).45

The composition and chemical states of the catalysts were
characterized using XPS spectra (Fig. 1d, e and S5†). Co 2p XPS
spectra (Fig. 1d) conrm the coexistence of Co0 and Co2+ for both
Co@CoOx and CoCu@CoCuOx. Compared to Co@CoOx, the Co
2p spectrum of CoCu@CoCuOx shis towards lower binding
energies, and the ratio of Co0/Co2+ in CoCu@CoCuOx is 1.49,
higher than that in Co@CoOx (0.47) (Table S2†), indicating
electron transfer from Cu to Co and the generation of more Co0

species.46 As for Cu 2p spectra (Fig. 1e), Cu0/+ and Cu2+ are
detected for both Cu@CuOx and CoCu@CoCuOx. Compared to
Cu@CuOx, the Cu 2p spectrum of CoCu@CoCuOx shis towards
higher binding energies, indicating electron loss from Cu. The
shi of Cu 2p towards higher binding energy corresponds to the
shi of Co 2p towards lower binding energy, suggesting that
electron transfer occurs from Cu to Co, as conrmed by DFT
calculations (Fig. S6†). This electron redistribution contributes to
the interaction with the substrate (Fig. S7 and Table S3†) and
improves the catalytic activity of the CoCu@CoCuOx catalyst.47

Fig. 1f–k show the low-resolution TEM images of
CoCu@CoCuOx, Co@CoOx, and Cu@CuOx, respectively, all of
which display porous particles with a size of around 50 nm. To
gain a deeper understanding of the surface microstructure,
high-resolution TEM imaging was performed. As for Co@CoOx

(Fig. 1j), lattice fringe spacings of 0.203 nm and 0.246 nm can be
observed, corresponding to the (002) and (111) crystal planes of
hcp Co and CoO, respectively. In the case of Cu (Fig. 1k), Cu
species exist mainly in the form of Cu0, with a lattice fringe
spacing of 0.208 nm corresponding to the (111) crystal plane of
Cu. As shown in Fig. 1g and h, the HR-TEM image and SAED
patterns of CoCu@CoCuOx show lattice fringe spacings of
0.207 nm and 0.246 nm, corresponding to the (111) crystal
planes of fcc Co and CoO, respectively, conrming the Co phase
transition promoted by Cu doping. Furthermore, the high-angle
annular dark-eld (HAADF) image and the corresponding EDS
elemental mapping of CoCu@CoCuOx (Fig. 1i) demonstrate the
uniform distribution of Co, Cu, and O elements on the catalyst
surface.
Chem. Sci., 2024, 15, 20338–20345 | 20339
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Fig. 1 (a) Schematic illustration for the preparation procedure of CoCu@CoCuOx. (b) XRD patterns, (c) Raman spectra, (d) Co 2p XPS, and (e) Cu
2p XPS spectra of CoCu@CoCuOx, Co@CoOx and Cu catalysts. TEM and HRTEM images of (f and h) CoCu@CoCuOx, (j) Co@CoOx and (k)
Cu@CuOx catalysts. (g) SEAD pattern and (i) EDS elemental mapping of CoCu@CoCuOx.
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2.2 Catalyst performance for FAL reductive amination

Initially, with methanol as the optimal solvent (Fig. S8†), the
catalytic performance of CoCu@CoCuOx with different levels of
Cu doping in the FAL reductive amination was compared at 30 °
C (Fig. 2a). The FAL conversion reaches 100% for all catalysts at
12 h. When employing the Co@CoOx catalyst, the FFA yield is
only 27.5%. As the Cu doping level increases, the FFA yield
initially increases and then decreases. At a n(Co) : n(Cu) ratio of
8 : 2, CoCu@CoCuOx (8 : 2) exhibits the highest FFA yield
(94.5%). However, at a n(Co) : n(Cu) ratio of 7 : 3, the selectivity
of int. 3 and int. 4 increases, while the FFA yield decreases to
68%. In the case of the Cu@CuOx catalyst, no FFA is observed,
probably due to the lack of active sites for imine hydrogenation.
In contrast the commercial RANEY® Ni catalyst achieved only
a 24.8% yield of FFA under the same reaction conditions.
Therefore, CoCu@CoCuOx (8 : 2) is identied as the optimal
catalyst.
20340 | Chem. Sci., 2024, 15, 20338–20345
The time proles of FAL reductive amination for Co@CoOx,
CoCu@CoCuOx, and Cu@CuOx were further studied at 30 °C
(Fig. 2b–d). As for Co@CoOx (Fig. 2b), no FFA is observed within
2 h, with yields of int. 3 and int. 4 being 82.9% and 17.1%,
respectively. As the reaction time extends to 4 h, FFA gradually
forms with a 1.6% yield, while the yields of int. 3 and int. 4 are
58.4% and 40%, respectively. Further prolonging reaction time
to 12 h, the FFA yield increases to 27.5%, while the yields of int.
3 and int. 4 decrease to 39.9% and 32.6%, respectively. The
CoCu@CoCuOx catalyst demonstrates signicantly improved
activity in comparison to Co@CoOx (Fig. 2c). Aer 4 h, the FFA
yield reaches 29.2%, much higher than that observed with
Co@CoOx (1.6%). When the reaction time reaches 12 h, the FFA
yield increases to 94.5%, with the yield of int. 4 at 2.7% and the
generation of 2.8% THFOL, mainly due to the over-
hydrogenation of the furan ring. Comparatively, no FFA was
observed throughout the entire reaction process for Cu@CuOx

(Fig. S9†). Furthermore, the FFA production rates for different
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Effects of Cu doping on the FAL reductive amination. Time curves of FAL amination reaction over (b) Co@CoOx and (c)
CoCu@CoCuOx. (d) FFA productivity rate on three catalysts. (e) Effects of hydrogen pressure on the FAL reductive amination. Reaction
conditions: FAL 0.24mmol, N2H4$H2O 2mmol, methanol 4mL, H2 3 MPa, 30 °C, catalyst 30mg, 12 h. Note: FAL was fully converted in this figure.
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catalysts were calculated (Fig. 2d), and it was found that the
value is 0.63 mmol g−1 h−1 when using the CoCu@CoCuOx

catalyst, which is 3.5 times higher than that of Co@CoOx (0.18
mmol g−1 h−1), further conrming the unique superiority of the
bimetallic catalyst CoCu@CoCuOx for reductive amination.

Next, the inuence of hydrogen pressure on the reaction was
studied (Fig. 2e). In the absence of H2, only int. 3 is detected.
With an increase in hydrogen pressure, the FFA yield gradually
increases, reaching a maximum yield of 94.5% at 3 MPa, and
then decreases to 86.1% at 4 MPa, accompanied by 13.9%
THFOL due to excessive hydrogenation. The type of nitrogen
source also signicantly affects the reaction (Fig. S10†). When
ammonia and hydroxylamine are used as nitrogen sources, the
FFA yields are 19.7% and 0%, respectively, which are much
lower than that achieved with hydrazine hydrate, mainly due to
the less active int. 3 and a simplied reaction network when
using hydrazine hydrate. Moreover, both the hydrazine hydrate
dosage and catalyst dosage also affect the reaction rate and
product distribution (Fig. S11 and S12†). Based on the corre-
sponding optimization, 2 mmol of hydrazine hydrate and 30mg
of catalyst are determined to be the optimal reaction conditions
for room-temperature reductive amination. Compared with the
reported literature (Fig. 2a and Table S4†), CoCu@CoCuOx

demonstrates comparable FFA yield and productivity for FAL
reductive amination under much milder conditions compared
to non-noble Co and Ni catalysts ($60 °C), and it even surpasses
the performance of noble Ru and Pt catalysts, particularly at
high temperatures exceeding 80 °C.16,48

CoCu@CoCuOx exhibited exceptional activity in selective
reductive amination involving FAL, benzaldehyde, 2-octanone,
© 2024 The Author(s). Published by the Royal Society of Chemistry
3-phenylpropanal, and cyclohexanone, with primary amine
yields exceeding 95% (Fig. 3a–e). Notably, CoCu@CoCuOx is
much effective than Co@CoOx and Cu@CuOx. For instance,
Cu@CuOx is nearly inactive for all substrates, while Co@CoOx

exhibits 1.57–45 times lower primary amine yields regardless of
whether the substrate is an aldehyde or a ketone. These results
further conrm the remarkable versatility of CoCu@CoCuOx

across various carbonyl compounds (Fig. S13†).
The stability and recyclability of the catalyst are paramount

for its potential industrial applications. First, a heat ltration
experiment (Fig. S14†) conrms that the FAL reductive amina-
tion catalyzed by CoCu@CoCuOx follows a heterogeneous
catalytic reaction pathway. Subsequently, the catalyst was
further assessed over ve consecutive cycles (Fig. 3f), with the
FFA yield decreasing from the initial 94.5% to 82.4%, indicating
that the catalyst is recyclable over several cycles. Characteriza-
tion of the spent catalyst reveals an increase in the proportion of
Co2+ and Cu2+ (Fig. S15–S17†), likely due to partial oxidation
during the post-treatment; however, this can be partially
regenerated through an in situ reduction strategy (Fig. S18†).

2.3 Study of the reaction mechanism

The in situ FTIR spectra of FAL on different catalysts are shown
in Fig. S19.† The absorption peaks at 1440, 1473, and 1570 cm−1

correspond to the vibration of the n(C]C) bond, while the peak
at 1671 cm−1 corresponds to the vibration of the n(C]O)
bond.49 Both CoCu@CoCuOx, and Co@CoOx exhibit a strong
adsorption capacity for FAL. To further monitor the FAL
evolution on the catalysts, the in situ FTIR spectra of FAL in the
presence of NH3/H2 were recorded, as shown in Fig. 4a and b.
Chem. Sci., 2024, 15, 20338–20345 | 20341
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Fig. 3 (a–e) Selective reductive amination of various aldehydes and ketones over Co@CoOx, CoCu@CoCuOx and Cu@CuOx catalysts. (f)
Catalyst recycling for CoCu@CoCuOx. Reaction conditions: substrate 0.24 mmol, N2H4$H2O 2mmol, catalyst 30 mg, methanol 4 mL, 3 MPa H2,
30 °C.
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Aer introducing NH3/H2, the n(C]O) bond vibration imme-
diately disappeared, and vibrations corresponding to then(C]
N) bonds were also observed at 1627 and 1647 cm−1, indicating
the formation of an imine int. from FAL and NH3. With the
passage of reaction time, infrared vibration peaks attributed to
d(NH2), n(C–N), and n(N–H) appear at 1445, 1557, and
Fig. 4 In situ FAL-absorbed FTIR spectra in the presence of NH3/H2 on (a
the N–H bond (at 3334 cm−1) over CoCu@CoCuOx and Co@CoOx ca
Co@CoOx, Cu@CuOx and CoCu@CoCuOx catalysts. (f) Reaction rate
CoCu@CoCuOx catalysts. Reaction conditions: FAL 0.24 mmol, catalyst

20342 | Chem. Sci., 2024, 15, 20338–20345
3334 cm−1, respectively,50 indicating that the imine int. is
further reduced to FFA. Furthermore, the intensity changes of
the n(N–H) (3334 cm−1) vibration related to FFA as a function of
time are recorded for Co@CoOx and CoCu@CoCuOx (Fig. 4c). It
is found the signal intensity of n(N–H) on CoCu@CoCuOx

increases rapidly with time, indicating that CoCu@CoCuOx is
) CoCu@CoCuOx and (b) Co@CoOx catalysts. (c) Intensity evolution of
talysts. (d) H2-TPD profiles and (e) hydrogen spillover experiments of
comparison of FAL hydrogenation over Co@CoOx, Cu@CuOx and
30 mg, methanol 4.0 mL, H2 3 MPa, 30 °C, 6 h.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Calculated adsorption energies of H2 and (b) dissociation
energy of H2 on hcp Co (101), fcc Co (111), and Cu (111) surfaces and
the (c) reaction mechanism of FAL reductive amination on
CoCu@CoCuOx.
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more active for FAL reductive amination than Co@CoOx at
ambient temperature and pressure.

To determine whether the substrate adsorption is the most
crucial factor or not, the acid properties of the catalysts were
studied by NH3-TPD (Fig. S20†) and pyridine-adsorbed IR
(Fig. S21†). It was found that Co@CoOx, CoCu@CoCuOx, and
Cu@CuOx exhibit the same Lewis acid sites, with the acid
strength following the trend: Co@CoOx > CoCu@CoCuOx >
Cu@CuOx; this indicates that acid properties cannot explain the
differences in their performance difference. It has beeen re-
ported that oxygen defects play a crucial role in substrate
adsorption and activation due to their special electronic struc-
ture.51 However, Co@CoOx, CoCu@CoCuOx, and Cu@CuOx

exhibit comparative EPR signal intensities at g = 2.00 (Fig. S3†),
indicating similar concentrations of oxygen vacancies in all
three catalysts, which is also veried using O 1s XPS spectra
(Fig. S4†), where vacancy oxygen accounts for 42–62% of all
oxygen species. Especially, although Cu@CuOx contains abun-
dant oxygen defects, no desired amine was detected during the
reductive amination, further excluding the vital role for deter-
mining the activity differences.

Hydrogen activation, dissociation and migration are also of
importance for catalytic reductive amination.52 H2-TPD proles
(Fig. 4d) show that Co@CoOx exhibits two H2 desorption peaks
located at 123 and 302 °C. In contrast, the desorption peak of
CoCu@CoCuOx shis to a lower temperature (91 °C) and
exhibits signicantly enhanced intensity, primarily attributed
to the enhanced hydrogen spillover on the catalyst. However, for
the Cu@CuOx catalyst, no signicant peaks are observed,
indicating the lack of hydrogen activation ability for the
monometallic Cu catalyst. The WO3 coloration experiment
shows that the color of WO3 changes to green and pale green
when Co@CoOx and Cu@CuOx are added (Fig. 4e), respectively;
while the color change of WO3 is more pronounced, turning
almost dark green in the presence of CoCu@CoCuOx, indi-
cating a signicant amount of active hydrogen spillover.53

To gain a deeper understanding of the impact of Cu doping
on hydrogen activation, FAL hydrogenation was used as a probe
reaction. As shown in Fig. 4f, Co@CoOx and Cu@CuOx exhibit
weaker hydrogenation ability toward C]O, with FOL yields of
2.3% and 0.2%, respectively. In comparison, when
CoCu@CoCuOx is used as the catalyst, the FOL yield reaches
72.3%. Through calculations, it is found that the FOL produc-
tion rate of CoCu@CoCuOx is 1.00 mmol g−1 h−1, much higher
than those of Co@CoOx (0.3 mmol g−1 h−1) and Cu@CuOx (0
mmol g−1 h−1). These conrm the synergistic effect between Co
and Cu bimetallic species, which effectively promotes the acti-
vation of H2 on the catalyst surface, which accelerates hydrogen
migration and favors the subsequent hydrogenation.

Periodic density functional theory (DFT) calculations were
further performed on CoCu@CoCuOx to elucidate active sites
(Fig. 5a, b, S6 and S7†). Based on the XRD pattern (Fig. 1b) and
HRTEM images (Fig. 1f–k), hcp Co (101), fcc Co (111) and Cu
(111) crystals were used to simulate the hydrogen activation
sites in Co@CoOx, CoCu@CoCuOx and Cu@CuOx, respectively.
It is found that the adsorption energies of H2 on hcp Co (101)
and fcc Co (111) are similar, at −0.547 eV and −0.516 eV,
© 2024 The Author(s). Published by the Royal Society of Chemistry
respectively (Fig. 5a), but signicantly higher than that on Cu
(111) (−0.241 eV). Further investigation (Fig. 5b) revealed that
the dissociation energy of H2 on fcc Co (111) is 0.162 eV, much
lower than that on hcp Co (101) (0.304 eV) and Cu (111) (0.998
eV). Additionally, the reaction energy for the dissociation of
active hydrogen on fcc Co (111) is much larger (0.799 eV). These
observations, combined with the low activity of Cu@CuOx,
suggest that the fcc Co phase present in CoCu@CoCuOx has
stronger hydrogen activation and dissociation capabilities.

Based on the preceding results, a plausible reaction pathway
for FAL reductive amination on CoCu@CoCuOx is proposed
(Fig. 5c). Initially, FAL undergoes condensation with hydrazine
hydrate to form int. 3. Then the C]N bond of int. 3 is adsorbed
and activated by the oxygen vacancies on CoCuOx, while H2 is
adsorbed onto the electron-rich fcc Co site, generating active
hydrogen species. Moreover, the presence of CuOx facilitates the
migration of active hydrogen from the Co surface to the CoCuOx

surface. Ultimately, the C]N bond in int. 3 is reduced by the
active hydrogen on the catalyst, leading to the production of
FFA.
3 Conclusions

In summary, we demonstrated that the Cu-doped Co@CoOx

heterogeneous interface catalyst contains CoCu–CoCuOx

bifunctional sites, exhibiting highly active reductive amination
capabilities at room temperature, outperforming reported non-
noble metal catalysts and even noble metal catalysts. Experi-
mental and DFT calculation results indicate that Cu doping
leads to a phase transition of Co from hcp to fcc, while electrons
are transferred from Cu to Co, forming a dual active site with
electron-rich Co closely interacting with CoCuOx. These
electron-rich Co sites show excellent activity in the activation
and dissociation of hydrogen, while the CuOx component
Chem. Sci., 2024, 15, 20338–20345 | 20343
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facilitates hydrogen spillover on the CoCuOx interface. The
efficient cooperative effect of CoCu–CoCuOx enhances the high
activity of Co in the room-temperature reductive amination of
furfural. This study offers valuable insights into the catalytic
mechanism at bifunctional sites and paves the way for devel-
oping efficient bifunctional catalysts with a structurally
heterogeneous interface for biomass upgrading.
Data availability

The data supporting this study's ndings are available from the
corresponding author upon reasonable request.
Author contributions

R. N. designed the experiments and supervised the project. Y. X.
Z. conducted the DFT calculations. Y. W. and Z. M. performed
the experiments. All authors discussed the experiments and
results. R. N., Y. W. and Z. M. prepared and revised the
manuscript.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

The authors acknowledge the nancial support from the NSFC
(22478366 and U23A20124), the Science and Technology
Development Plan Joint Fund Project of Henan Province
(232301420048), the Distinguished Young Researchers'
Program of Zhengzhou University in China, the Open Funding
Project of the State Key Laboratory of Biocatalysis and Enzyme
Engineering (SKLBEE20220020) and the Program of Processing
and Efficient Utilization of Biomass Resources of Henan Center
for Outstanding Overseas Scientists (GZS2022007).
References

1 D. E. Resasco, B. Wang and D. Sabatini, Nat. Catal., 2018, 1,
731–735.

2 W.-J. Liu, H. Jiang and H.-Q. Yu, Energy Environ. Sci., 2019,
12, 1751–1779.

3 G. W. Huber, J. N. Chheda, C. J. Barrett and J. A. Dumesic,
Sci. Adv., 2005, 308, 1446–1450.

4 M. Z. Jacobson and M. A. Delucchi, Energy Policy, 2011, 39,
1154–1169.
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