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ABSTRACT:A copper (Cu) material is catalytically active for formaldehyde (HCHO) dehydrogenation to produce H2, but the
unsatisfactory e� ciency and easy corrosion hinder its practical application. Alloying with other metals and coating a carbon layer
outside are recognized as e� ective strategies to improve the catalytic activity and the long-term durability of nonprecious metal
catalysts. Here, highly dispersed CuNi alloy� carbon layer core� shell nanoparticles (CuNi@C) have been developed as a robust
catalyst for e� cient H2 generation from HCHO aqueous solution at room temperature. Under the optimized reaction conditions,
the CuNi@C catalyst exhibits a H2 evolution rate of 110.98 mmol·h� 1·g� 1, which is 1.5 and 4.9 times higher than those of Cu@C
and Ni@C, respectively, which ranks top among the reported nonprecious metal catalysts for catalytic HCHO reforming at room
temperature to date. Furthermore, CuNi@C also displays excellent stability toward the catalytic HCHO reforming into H2 in tap
water owing to the well-constructed carbon sheath protecting CuNi nanocrystals from oxidation in an alkaline medium. Combined
with density functional theory calculations, the superior catalytic e� ciency of CuNi@C for H2 generation results from the synergistic
contribution between the massive active species from HCHO decomposition on the Cu sites and the remarkable H2 evolution
activity on Ni sites. The improved performance of CuNi@C highlights the enormous potential of advancing noble-metal-free
nanoalloys as cost-e� ective and recyclable catalysts for energy recovery from industrial HCHO wastewater.
KEYWORDS:dehydrogenation, formaldehyde, CuNi alloy catalyst, carbon layer, hydrogen generation

1. INTRODUCTION

Hydrogen (H2), as a clean energy source with ultrahigh
speci� c energy density, has incomparable prospects of
replacing fossil fuels, while the two major obstacles of
transportation and safe storage limit its large-scale applica-
tion.1,2 An alternative approach is to release H2 from a
chemically stable liquid, ideally encompassing hydrogen-rich
aqueous biomass-derived resources.3 To this end, inexpensive
formaldehyde (HCHO) is a desirable medium for H2 storage
and transportation as it can be reformed with water to release
H2 at a high theoretical weight density of 8.4%.4 Since the
1990s, noble-metal-based nanomaterials, such as Pd,5,6 Ag,7

Pt,8 Au,9 and Ru complexes,10� 12 have been used for catalyzing
HCHO reforming to produce H2. Such noble-metal catalysts
exhibit high catalytic activity and long-term stability. Moreover,

little undesired substances are generated during the reaction,

thereby intriguing continuous interest for H2 generation from

HCHO solution. Nonetheless, the drawbacks of low natural

reserves, high cost, and di� cult recovery seriously restrict their

practical use in industrial generation.13,14 In this regard,

increasing attention has been paid to developing nonprecious
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metal catalysts, such as Cu,15� 19 MnO2,
20 V2O5,

21 WO2,
22 and

so on.
Among numerous noble-metal-free catalysts, Cu-based

nanocatalysts are the most attractive candidates and widely
studied for electrochemical reduction,23,24 solar-to-hydrogen
evolution,25,26 and environmental catalysis.27,28 They are also
used to catalytically reform HCHO for H2 generation due to
their high speci� c surface area, macroscopic quantum
tunneling e� ect, and superb activities.15� 19 However, these
works are mainly focused on nano-Cu, Cu2O, and their
complexes, which belong to the single-phase catalyst, and the
e� ciency needs to be further improved. What is more, Cu or
Cu2O nanocatalysts still su� er from low e� ciency and severe
corrosion/degradation in the alkaline solution.29,30 Therefore,
it is of great signi� cance to exploit more e� cient Cu-based
catalysts with enhanced utilization e� ciency.

Recently, the high catalytic performance of noble-metal-free
alloys has attracted much attention due to their interplay of
electronic and lattice e� ects among the neighboring metal
atoms.31� 34 Noble-metal-free alloys have been widely used as
catalysts for oxygen reduction reaction (Cr� Mn� Fe� Co�
Ni35 and FeCoNi36), hydrogen evolution reaction (NiCu/
CeO2

32 and CuNi@C� O34), and chemical hydrogen storage
(FeNi alloy33 and FeNi/CeO2

31). Enlightened by synergistic
e� ects of neighboring metals, we believe that a suitable noble-
metal-free alloy is likely to have the ability to catalyze HCHO
dehydrogenation for e� ective H2 evolution. Metallic Ni has

been identi� ed as an alternative catalyst to produce H2.
37,38

Technically, combining Cu with Ni to form a CuNi alloy with
an elaborated nanostructure and su� ciently exposed surface
active sites is expected to display highly improved catalytic H2

generation from HCHO and H2O. Regarding the stability of
the catalysts, proper carbon layer coating is a promising
approach owing to its unique bene� ts covering excellent
mechanical strength, superior chemical tolerance, and
diversi� ed composition design. In general, the carbon layer
can dramatically improve the chemical stability and assist the
catalytic kinetics of nonprecious metal catalysts.37,39 Therefore,
it would be of great signi� cance to develop well-de� ned
carbon-coated CuNi alloy nanocatalysts for boosting H2

evolution from HCHO aqueous reforming.
Here, CuNi alloy� carbon layer core� shell nanoparticles

(CuNi@C) are prepared via one-step synthesis and for the� rst
time used as a catalyst for producing H2 from HCHO solution
at room temperature. Speci� cally, the e� ects of the Cu� Ni
atomic ratio in CuNi@C and the reaction conditions on the
catalytic H2 generation performance are elucidated. Under the
optimal conditions, the initial H2 generation rate of the
CuNi@C catalyst is almost the highest e� ciency of nonpre-
cious metal catalysts for catalytic HCHO reforming at room
temperature. Furthermore, the high catalytic activity of CuNi@
C can still be maintained in tap water-simulated industrial
HCHO wastewater. Combined with the experimental results,

Figure 1.(a) Schematic illustrations of the synthesis processes of CuNi@C; (b) XRD patterns of CuNi@C samples prepared with di� erent Cu/Ni
ratios; (c) SEM image, (d,e) TEM images, and (f) TEM-EDX element mapping images of CN(1:1).
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the mechanism of the catalytic reaction is explored by density
functional theory (DFT) calculations.

2. EXPERIMENTAL SECTION
2.1. Preparation of the CuNi@C Catalyst.CuNi@C was

prepared by a one-step synthesis method (Figure 1a). Typically, 755
mg of Cu(NO3)2·3H2O, 908 mg of Ni(NO3)2·6H2O, and 1876 mg of
tartaric acid (C4H6O6) were added to 20 mL of deionized water and
stirred to dissolve. The obtained solution was then mixed with
another solution consisting of 5 g of polyethylene glycol, 48 mL of
glycerol, and 12 mL of deionized water. The mixed solution was
transferred to a Te� on-lined stainless-steel autoclave and heated to
150 °C for 3 h. A solid product was obtained after centrifugation,
alcohol washing, and drying at 60°C for 24 h. After that, the resulting
solids were calcined at 800°C for 2 h with a heating rate of 3°C·
min� 1 under Ar with 5% H2 protection. The obtained material was
CuNi@C nanoparticles whose molar ratio of Cu to Ni was 1:1 and
denoted as CN(1:1). Other samples of CN(1:3), CN(2:3), CN(3:2),
CN(3:1), Cu@C, and Ni@C were prepared by changing the ratio of
Cu(NO3)2·3H2O and Ni(NO3)2·6H2O.

2.2. Characterizations. The morphology of the CuNi@C
samples was observed by scanning electron microscopy (SEM,
Quanta 200 FEG, FEI, America) and transmission electron
microscopy (TEM, Glacios Cryo-TEM, Thermo Fisher Scienti� c,
America). The phase structure of CN was determined by X-ray
di� raction (XRD, Ultima IV, RIGAKU, Japan). The surface chemical
properties were determined by X-ray photoelectron spectroscopy
(XPS, VG ESCALAB 250, Thermo VG Scienti� c, America). The
Brunauer� Emmett� Teller (BET) speci� c surface area (Sbet) and the
surface structure were analyzed from nitrogen adsorption/desorption
isotherms using a speci� c surface and porosity analyzer (Gemini-
2390, Micromeritics, America). The carbon content was analyzed
using a DTA/TGA analyzer (TG, DTG-60, Shimadzu, Japan). The
reaction mechanism was analyzed by electron paramagnetic resonance
(EPR) tests using an electron paramagnetic resonance spectrometer
(JES FA200, JEOL, Japan). Hydrogen evolution reaction (HER) tests
were used to characterize the hydrogen evolution performance of the
sample by using an electrochemical workstation (Chi 650e, Shanghai
Chenhua, China), and the test method followed our previous work.34

2.3. Catalytic H2 Evolution Measurements.Ten milligrams of
the catalyst was added into a glass beaker containing 100 mL of

aqueous solutions of KOH and HCHO. The suspension was
transferred to a sealed quartz reactor with an air atmosphere for
reaction under strong agitation (1200 rpm). The catalytic activity of
the samples was compared by measuring the H2 yield by gas
chromatography (GC-7900, Shanghai Tianmei Scienti� c Instrument
Co., Ltd., China). The in� uence of each reaction condition on the
reaction performance of the catalyst was investigated by controlling
variables.

2.4. Computational Methods. All of the geometries and energy
were calculated by employing density functional theory (DFT) as
implemented in the Vienna ab initio simulation package (VASP). The
theoretical model of CuNi@C was constructed by XRD, XPS, EDX,
and other characterization results, and DFT calculation and nudged
elastic band (NEB) calculation of the reaction process of di� erent
active sites were carried out. The mechanism of the reaction was
further explained by combining the calculation results with the
experimental results. The speci� c parameters and models used in the
calculation can be found in theSupporting Information.

3. RESULTS AND DISCUSSION
3.1. Characterization. The XRD patterns inFigure 1b

show that the di� raction peaks at 44.51, 51.85, and 76.37° on
Ni@C correspond to the (111), (200), and (220) planes of the
Ni crystal (JCPDS no. 04-0850), indicating the formation of
Ni nanoparticles. Meanwhile, the peaks at 43.29, 50.43, and
74.13° on Cu@C are ascribed to the (111), (200), and (220)
planes of the Cu crystal (JCPDS no. 04-0836), indicating the
formation of Cu nanoparticles. The peaks of the CN samples
are all located between the di� raction peaks of Cu and Ni,
con� rming the formation of the CuNi alloy. For example, the
peaks of CN(1:1) at 2� of 43.94, 51.19, and 75.32° represent the
di� ractions of the (111), (200), and (220) planes of the CuNi
alloy (JCPDS no. 65-9048), respectively. By comparing the
characteristic peaks of the� ve CN samples, the positions of the
peaks are slightly di� erent, which can be attributed to the
change of the crystal plane distance caused by the di� erent
molar ratios of Cu/Ni. The peak values of CN(3:1) at 43.35°
and CN(1:3) at 43.30° obviously shift from that of the CuNi
alloy (43.92°), which can be attributed to the formation of a

Figure 2.(a) Survey, (b) C 1s, (c) Cu 2p, and (d) Ni 2p XPS spectra of the CN(1:1) sample; (e) BET and (f) TG analysis of the CN(1:1) sample.
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segregated Ni phase. These results reveal that an equimolar
ratio between Cu and Ni atoms facilitates the formation of a
CuNi alloy. In addition, a broad peak at 21.17° for each sample
is attributed to carbon.

The SEM image of the CN(1:1) sample (Figure 1c) shows
nanoparticles with a size of 40� 100 nm and a thin carbon layer
outside each nanoparticle (see the arrows). The TEM images
of the CN(1:1) catalyst (Figure 1d,e) show the apparent carbon
layer structure and the (111) crystal plane of CuNi with a
lattice fringe of 0.206 nm. Regular crystal planes and carbon-
coated structures can also be found in the TEM images of Ni@
C and Cu@C (Figure S1), indicating the formation of carbon-
coated nanometals. TEM-EDX element mapping images of the
CN(1:1) sample (Figure 1f) reveal the presence of Cu, Ni, C,
and O elements. The Cu and Ni images show high density and
a complete overlap in the interior of the particles, indicating
the formation of CuNi alloy nanoparticles. These results
demonstrate that a nano-CuNi alloy wrapped with a thin
carbon layer has been prepared.

The XPS survey spectra (Figure 2a) also reveal the presence
of C, Cu, Ni, and O elements in CN(1:1). Due to the coating of
a carbon layer, most of the Cu and Ni are not detected, but the
existence of Cu� Ni atoms with an equal ratio can still be
found. The at. % of O is much less than that of C, proving that
the content of O is very low, indicating that the content of the
oxygen element is controlled in a low range by hydrogen
reduction. The high-resolution XPS spectrum of C 1s with
three peaks at 284.83, 286.20, and 288.60 eV is deconvoluted
(Figure 2b), which corresponds to the C� C/C� C, C� O, and
C� O species, respectively.40� 42 Figure 2c shows the Cu 2p3/2
and Cu 2p1/2 peaks. The Cu 2p3/2 peak could be deconvoluted
into two peaks centered at 932.76 and 933.95 eV, which may
be attributed to Cu0 (or Cu+) and Cu2+, respectively. The
peak� peak di� erence between Cu 2p3/2 (932.76 eV) and Cu

2p1/2 (952.56 eV) is 20.80 eV, also revealing the presence of
Cu0 (agreeing well with the result from XRD).43 The Ni 2p
peak inFigure 2d is deconvoluted into six peaks, and two of
them are satellite peaks, being consistent with the literature
reports for the existence of metallic Ni and Ni2+.44� 46 The
existence of Cu+, Cu2+, and Ni2+ can be attributed to the
slightly oxidized surface of the CuNi alloy. To sum up, XPS
analysis shows that Cu and Ni mainly exist in the form of Cu0

and Ni0, and they have no obvious chemical interaction with
carbon.

The nitrogen adsorption� desorption isotherms of the
CN(1:1) sample inFigure 2e exhibit an apparent hysteresis
loop between the relative pressures of 0.1 and 1. The curve is a
type-IV model adsorption/desorption isotherm, indicative of
the mesoporous structure of the catalyst. Furthermore, the type
of the hysteresis ring is an H3 type, indicating that slit holes are
formed by particle accumulation in the material.47 The average
pore size of the material is 9.2 nm by Barrett� Joyner� Halenda
(BJH) model analysis (inset inFigure 2e), which further
provides evidence for the mesoporous properties of the
material. These results show that most of the pore volume
and speci� c surface area are provided by mesopores, and a
developed pore structure has been formed. According to the
BET linear curve� tting, the speci� c surface area of the material
is 101 m2·g� 1, while the Langmuir speci� c surface area is 163.6
m2·g� 1, displaying that the alloy material has a large speci� c
surface area and suggesting that it has numerous active sites.

TG analysis of CN(1:1) was carried out in air at a heating rate
of 10°C min� 1, as shown inFigure 2f. As the temperature rises
from 200 to 700°C, the mass of the material continues to
increase due to the oxidation of the metal CuNi alloy in air.
When the temperature is between 300 and 400°C, the rising
rate of the material mass decreases obviously, which is caused
by the oxidation loss of the outer carbon layer. When the

Figure 3.In� uence of (a) Cu� Ni atomic ratio in CN samples; (b) reusability of CN(1:1) for H2 generation and (c) long-term stability of the catalyst
in a tap water system of the CN(1:1) sample (0.8 M HCHO, 1 M NaOH, and 0.21 atm of O2); (d) maximum H2 generation rate compared with
reported works.
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temperature is increased to 800°C, the mass of the material is
118% of the initial sample, and it does not change anymore. At
this time, the carbon layer is completely lost, the Cu� Ni alloy
is completely oxidized to CuO and NiO, and their molar ratio
is 1:1. According to these data, it can be inferred that the
content of the CuNi metal in the CN(1:1) sample is 93.6%. In
addition, the water content can be concluded fromFigure 2f to
be 1%, calculating that the carbon content in the sample is
about 5.4%. These results display that the catalyst is made of
the Cu� Ni alloy and carbon, consistent with the physical
characterizations aforementioned.

3.2. Catalytic Performances.The in� uences of the initial
KOH concentration, HCHO concentration, and O2 concen-
tration in the reaction system on hydrogen generation
performance were studied systematically.Figure S2displays
that the optimal condition is 10 mg of the catalyst, 1.0 M
KOH, 0.8 M HCHO, a higher O2 partial pressure, and a higher
reaction temperature. Considering economy and practicality,
subsequent experiments were carried out in an air atmosphere
and temperature, i.e., 0.21 atm of O2 and 25°C.

To investigate the e� ect of the Cu� Ni atomic ratio in the
CuNi@C catalyst, the rates of H2 generation over Cu@C, Ni@
C, and di� erent CuNi@C catalysts for HCHO dehydrogen-
ation under 1 M KOH and 0.21 atm O2 conditions were
tested. It is found that the sample of CN(1:1) with a 1:1 Cu� Ni
atomic ratio has the highest H2 generation rate of 110.98
mmol·g� 1·h� 1 (Figure 3a), 1.47 times and 4.93 times higher
than those of Cu@C (75.40 mmol·g� 1·h� 1) and Ni@C (22.50
mmol·g� 1·h� 1), respectively. The results show that all the
CuNi alloys have better HCHO dehydrogenation than the

single-metal catalyst. In the following studies, we focus on the
best sample of CN(1:1).

To evaluate the cyclic stability of the catalyst, 10 mg of
CN(1:1) was taken for H2 generation reaction for 4 h under the
optimized conditions, and then, the sample was recovered by
centrifugal operation for further use for a H2 generation test
again.Figure 3b shows that the H2 generation experiment is
repeated for 5 cycles, and the H2 generation e� ciency remains
92% of that of the� rst experiment. To investigate the
feasibility of the CuNi@C catalyst in practical application, a
long-term (100 h) catalytic test was carried out in a system of
tap water as a solvent for HCHO (Figure 3c). At the beginning
of the reaction, the catalyst has a high catalytic e� ciency, and
tap water has little e� ect on the e� ciency of the catalyst. As the
reaction proceeds, the rate of H2 generation decreases
gradually. After formalin is added to make the concentration
back to the initial HCHO concentration, the reaction rate
increases dramatically and close to that of the� rst hour,
indicating that the decrease in the H2 generation rate is due to
the depletion of HCHO. The XRD pattern and the TEM
image of the recovered sample are shown inFigure S3, which is
almost the same as the sample structure before the reaction.
These results suggest that the nano-CuNi@C is an e� cient
catalyst with extremely high long-term catalytic stability for H2
generation in HCHO solution. Compared with the previously
reported performance (Figure 3d),6,17,48� 50 the CN(1:1) catalyst
in this work has an excellent H2 generation from HCHO
solution among the non-noble-metal catalysts, even higher
than those of some noble-metal catalysts.

3.3. Density Functional Theory (DFT) Calculations.
DFT calculations are usually used to explore the catalytic

Figure 4.(a) DFT calculation results; IS-1 process (b) and IS-2 process (c) of the I-type; IS-1 process (d) and IS-2 process (e) of the II-type.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c11776
ACS Appl. Mater. Interfaces2021, 13, 37299� 37307

37303

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c11776/suppl_file/am1c11776_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c11776/suppl_file/am1c11776_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c11776?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c11776?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c11776?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c11776?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c11776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


reaction mechanism from the theoretical level. In this work,
catalyst models were constructed to provide detailed
information about the energetics and structure of the elemental
reaction steps. The model was based on an alloy phase with a
Cu� Ni atomic ratio of 1:1, and the carbon layer with graphene
structure was added on the surface to simulate the actual
situation. As shown inFigure S4a, according to the XRD and
XPS characterization results, Cu and Ni do not combine with
carbon; they are connected with each other physically.
Therefore, the model of physical interaction between the
Cu� Ni alloy and the carbon layer is established and optimized.
The active carbon sites corresponding to Cu and Ni in the
CuNi@C alloy were labeled as I-type and II-type reaction
pathways for DFT calculation, respectively (Figure S4b,c). The
relevant parameters and information involved in DFT
calculation are shown inTables S1� S3.

The whole reaction consists of nine con� gurations, including
seven local minima and two intermediate states (ISs) (Figure
4a). The reaction mechanism is given based on experimental
results combined with previous work.6 All calculated energy
data are shown inTable S4, and NEB calculated energy data of
intermediate states (ISs) are shown inTable S5 and Figure S5.
Each state model can be found inFigures S6 and S7. The
reaction is initiated by the adsorption of oxygen on the surface
carbon. The adsorption relative energy of the II-type is� 14.85
kJ·mol� 1, and that of the I-type is about +15.19 kJ·mol� 1.
Relatively, the reaction is more easily initiated at the active site
corresponding to Ni. However, since the lower energy barrier
of the process can be completely overcome at room
temperature, this does not mean that the copper site is
di� cult to react. Because of the rich charge of the Cu� Ni alloy
and the good electron conduction of the graphite carbon layer,
it is easy for oxygen to make electrons become superoxide
species (O2

·� ).51 For the HCHO adsorption process of the two
models, the energy of the system will be further reduced.

Then, induced by O2
·� , the C� H bonds in the HCHO

molecule stretched and cleaved into·OOH and HCO· species

by coupling H· and O2 (Figure 4b,d andFigure S6). This step
has a higher activation energy (IS-1, dEI�type= 140.33 kJ·mol� 1,
dEII�type= 130.62 kJ·mol� 1), but the energy changes of the� rst
and last two states of the process are not obvious. Then, with
the adsorption of water, the relative energy of the system
further decreases. The dissociation of water is the rate-
determining step of the reaction and has the highest activation
energy in the reaction (IS-2, dEI�type= 249.41 kJ·mol� 1, dEII�type
= 256.88 kJ·mol� 1) ( Figure 4c� e and Figure S7). Water
dissociation generates abundant surface hydroxyl groups,
which accelerates the HCHO/H2O conversion reaction at
the interface. Due to the highly active nature of HCO·, it tends
to react with ·OH generated by water decomposition
immediately to produce HCOOH. Then, the reaction ends
up with H· and ·OOH forming H2 and O2. Figure 4a also
shows that the relative energy of the II-type is relatively low in
the whole reaction process, especially in the rate-determining
step, i.e., water dissociation. DFT calculations reveal that the
catalytic reaction is mainly carried out at the Cu active sites.
The calculation of H2 generation before HCOOH shows that
the overall energy of the system is greatly increased, indicating
that it is reasonable for HCOOH to be generated� rst (Figure
S8).

3.4. Mechanism Discussion.To explore the participation
of free radicals in the reaction, free-radical quenching
experiments were carried out (Figure 5a). Under the same
reaction conditions, 5 mL of furfural alcohol (FFA) andtert-
butanol (TBA) were additionally added to the reaction system
to quench·HOO and·OH. With the addition of a quenching
agent, the H2 generation rate in the reaction decreased
signi� cantly, con� rming the existence of free radicals.Figure
5b is the EPR characterization for searching·OH in the
reaction. Di� erent samples (20 mg) were added into the mixed
aqueous solution of 0.8 M HCHO and 1 M KOH and stirred
for 10 min to test the·OH in the reaction. With the addition of
a catalyst, the signal of·OH appeared obviously in the solution.
Cu@C has the highest free-radical signal, indicating that Cu@

Figure 5.(a) Free-radical quenching experiment; (b) EPR test of di� erent samples under the same reaction conditions; (c) HER test of Cu@C,
Ni@C, and CN(1:1); (d) catalytic schematic diagram of CuNi@C for H2 generation in HCHO solution.
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C has higher catalytic activity than Ni@C and CN(1:1). The
performance of H2 evolution of the sample is characterized by
HER technology (Figure 5c). Obviously, the performance of
Ni@C is better than those of Cu@C and CN(1:1), which
indicates that nano-Ni has the best performance of H2
evolution. The above experimental results show that the
formation process of·OH more likely occurs at Cu sites while
the H2 evolution reaction at Ni sites. Combined with the
experimental results, the high catalytic HCHO dehydrogen-
ation performance of CN(1:1) is mainly attributed to the
synergistic e� ect of the high activity of nano-Cu and the high
H2 evolution performance of nano-Ni.

To sum up, combined with the experimental results and
DFT calculations, the catalytic schematic of CuNi@C for H2
generation in HCHO solution is obtained, as shown inFigure
5d. KOH was consumed by HCOOH produced during
formaldehyde reforming, driving the reaction forward. The
stoichiometric characteristics of the CuNi@C catalyst for
dehydrogenation of HCHO are as follows:

+ +HCHO O H O2 2

� ·+· + · + ·HCO OOH OH H

� + · + ·HCOOH OOH H

� + +HCOOH O H2 2

4. CONCLUSIONS
In summary, CuNi alloy� carbon layer core� shell nano-
particles have been prepared for e� cient H2 generation in
HCHO solution. Physical characterizations prove the CuNi@
C nanoparticles with a carbon shell and a CuNi alloy core,
which is wrapped by a thin carbon layer. The CuNi@C
nanoparticles with a Cu� Ni molar ratio of 1, i.e., CN(1:1), have
the highest H2 generation rate. The H2 generation rate of the
CN(1:1) is 110.98 mmol·g� 1·h� 1, which is 1.47 times and 4.93
times higher than those of Cu@C and Ni@C, respectively.
According to the results of EPR, HER, and DFT calculations,
the high activity of CuNi@C for e� cient HCHO reforming
into H2 is based on two aspects. One is that the synergistic
e� ect of the Cu and Ni metals in the CuNi@C alloy leads to a
very high catalytic performance, in which Cu has a very high
active species generation for HCHO decomposition and Ni
has a very good H2 evolution performance. The other is that
the carbon layer of CuNi@C protects Cu and Ni from
transition oxidation, which greatly enhances its stability. In this
work, a stable and e� cient catalyst for HCHO reforming into
H2 is developed at room temperature, making H2 generation
from industrial formaldehyde wastewater possible.
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