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ABSTRACT:A copper (Cu) material is catalytically active for formaldehyde (HCHO) dehydrogenation to prddudbeH
unsatisfactory eiency and easy corrosion hinder its practical application. Alloying with other metals and coating a carbon layer
outside are recognized asative strategies to improve the catalytic activity and the long-term durability of nonprecious metal
catalysts. Here, highly dispersed CuNi a#pon layer corshell nanoparticles (CuNi@C) have been developed as a robust
catalyst for ecient H, generation from HCHO aqueous solution at room temperature. Under the optimized reaction conditions,
the CuNi@C catalyst exhibits aedolution rate of 110.98 mnahot-g *, 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 roor
temperature to date. Furthermore, CuNi@C also displays excellent stability toward the catalytic HCHO refgrimitapinto H
water owing to the well-constructed carbon sheath protecting CuNi nanocrystals from oxidation in an alkaline medium. Combine
with density functional theory calculations, the superior catadigivog of CuNi@C for Hyyeneration results from the synergistic
contribution between the massive active species from HCHO decomposition on the Cu sites and the peswatittibie H
activity on Ni sites. The improved performance of CuNi@C highlights the enormous potential of advancing noble-metal-free
nanoalloys as costeetive and recyclable catalysts for energy recovery from industrial HCHO wastewater.

KEYWORDS:dehydrogenation, formaldehyde, CuNi alloy catalyst, carbon layer, hydrogen generation

1. INTRODUCTION little undesired substances are generated during the reaction,
Hydrogen (H), as a clean energy source with ultrahighthereby intriguing continuous interest feigeheration from

specic energy density, has incomparable prospects @fcHO solution. Nonetheless, the drawbacks of low natural
replacing fossil fuels, while the two major obstacles of

transportation and safe storage limit its large-scale appli€&S€rves, high cost, anddlilt recovery seriously restrict their
tion* An alternative approach is to releagefrbm a  practical use in industrial generafioh.In this regard,
chemically stable liquid, ideally encompassing hydrogen-r
aqueous biomass-derived resotifbeshis end, inexpensive
formaldehyde (HCHO) is a desirable medium fostbrage _
and transportation as it can be reformed with water to releaSgceived: June 23, 2021
H, at a high theoretical weight density of 8.&lce the  Accepted: July 19, 2021
1990s, noble-metal-based nanomaterials, sucli®asg?d, Published:July 29, 2021
Pt® Au? and Ru complex&$,*? have been used for catalyzing

HCHO reforming to produce,HSuch noble-metal catalysts

exhibit high catalytic activity and long-term stability. Moreover,

i%reasing attention has been paid to developing nonprecious
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Figure 1(a) Schematic illustrations of the synthesis processes of CuNi@C; (b) XRD patterns of CuNi@C samples pregranmsoCuitNidi
ratios; (c) SEM image, (d,e) TEM images, and (f) TEM-EDX element mapping imageg.of CN

metal catalysts, such as'Cl? MnO,,*° V,05,°* WO,,** and been identied as an alternative catalyst to produce~fi
SO on. Technically, combining Cu with Ni to form a CuNi alloy with
Among numerous noble-metal-free catalysts, Cu-basef elaborated nanostructure andci@ntly exposed surface
nanocatalysts are the most attractive candidates and widgdfive sites is expected to display highly improved catalytic H
studied for electrochemical reductigfi,solar-to-hydrogen  generation from HCHO and,8. Regarding the stability of
evolutior’,**® and environmental cataly$. They are also  the catalysts, proper carbon layer coating is a promising
used to catalytically reform HCHO foy ¢eneration due to  approach owing to its unique besecovering excellent
their high spece surface area, macroscopic quantuMnechanical strength, stperchemical tolerance, and
tunneling eect, and superb activittés.” However, these  gyersied composition design. In general, the carbon layer
works are mainly focused on nano-CuOC@nd their 5 qramatically improve the chemical stability and assist the
complexes, which belong to the single-phase catalyst, and éa?alytic kinetics of nonprecious metal catély$Eherefore
e ciency needs to be further improved. What is more, Cu [ would be of great signance to develop Well-ded,

Cu0 rjanocatalyst§ St'.” & from IC.)W eciency and severe carbon-coated CuNi alloy nanocatalysts for boosting H
corrosion/degradation in the alkaline solittdhTherefore, evolution from HCHO aqueous reformin
it is of great signtance to exploit more eient Cu-based . d 9. .

Here, CuNi alloycarbon layer corshell nanoparticles

catalysts with enhanced utilizatiociency. : . )
Recently, the high catalytic performance of noble—metal-fré%u'\“@c) are prepared via one-step synthesis and fcstthe

alloys has attracted much attention due to their interplay &fme used as a catalyst for producingydt HCHO solution
electronic and lattice ects among the neighboring metal & ro0om temperature. Speaily, the eects of the CuNi
atoms’’ 34 Noble-metal-free alloys have been widely used &omic ratio in CuNi@C and the reaction conditions on the
catalysts for oxygen reduction reaction Mix Fe Co catalytic H generation performance are elucidated. Under the
Ni®® and FeCoNP), hydrogen evolution reaction (NiCu/ optimal conditions, the initial ,Hjeneration rate of the
CeO*? and CuNi@C 0*), and chemical hydrogen storage CUNi@C catalyst is almost the highestiency of nonpre-
(FeNi alloy® and FeNi/Ce@*). Enlightened by synergistic Cious metal catalysts for catalytic HCHO reforming at room
e ects of neighboring metals, we believe that a suitable noblemperature. Furthermore, the high catalytic activity of CUNi@
metal-free alloy is likely to have the ability to catalyze HCH@ can still be maintained in tap water-simulated industrial
dehydrogenation for ective H evolution. Metallic Ni has HCHO wastewater. Combined with the experimental results,
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Figure 2.(a) Survey, (b) C 1s, (c) Cu 2p, and (d) Ni 2p XPS spectra of thg,Gdmple; (e) BET and (f) TG analysis of thq,GNsample.

the mechanism of the catalytic reaction is explored by dens#tgueous solutions of KOH and HCHO. The suspension was
functional theory (DFT) calculations. 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 thgeld by gas
2. EXPERIMENTAL SECTION chromatography (GC-7900, Shanghai Tianmei Stikrgirument

2.1. Preparation of the CuNi@C CatalystCuNi@C was Co., Ltd., China). The imence of each reaction condition on the
prepared by a one-step synthesis meffigdr¢ a). Typically, 755  reaction performance of the catalyst was investigated by controlling
mg of Cu(NQ),-3H,0, 908 mg of Ni(N@ »-6H,0O, and 1876 mg of  variables.
tartaric acid (¢HsOg) were added to 20 mL of deionized water and 2.4, Computational Methods. All of the geometries and energy
stirred to dissolve. The obtained solution was then mixed witlvere calculated by employing density functional theory (DFT) as
another solution consisting of 5 g of polyethylene glycol, 48 mL @hplemented in the Vienna ab initio simulation package (VASP). The
glycerol, and 12 mL of deionized water. The mixed solution waReoretical model of CuNi@C was constructed by XRD, XPS, EDX,
transferred to a Ten-lined stainless-steel autoclave and heated tand other characterization results, and DFT calculation and nudged
150°C for 3 h. A solid product was obtained after centrifugationelastic band (NEB) calculation of the reaction processecérdi
alcohol washing, and drying at@@or 24 h. After that, the resulting active sites were carried out. The mechanism of the reaction was
solids were calcined at 8@ for 2 h with a heating rate ofG- further explained by combining the calculation results with the
min * under Ar with 5% Hprotection. The obtained material was experimental results. The speparameters and models used in the
CuNi@C nanoparticles whose molar ratio of Cu to Ni was 1:1 angalculation can be found in tRepporting Information
denoted as Chly. Other samples of GN), CNy3, CNgsy),
CNg.1y, Cu@C, and Ni@C were prepared by changing the ratio
Cu((N())3)2-3HZO and Ni(NGY ,6H,0. °§> RESULTS AND DISCUSSION

2.2. Characterizations. The morphology of the CuNi@C 3.1. Characterization. The XRD patterns irigure b
samples was observed by scanning electron microscopy (SElow that the draction peaks at 44.51, 51.85, and 76187
Quanta 200 FEG, FEI, America) and transmission electroNi@C correspond to the (111), (200), and (220) planes of the
microscopy (TEM, Glacios Cryo-TEM, Thermo Fisher Scienti Nj crystal (JCPDS no. 04-0850), indicating the formation of
America). The phase structure of CN was determined by X-ra\ji nangnarticles. Meanwhile, the peaks at 43.29, 50.43, and
di raction (XRD, Ultima IV, RIGAKU, Japan). The surface chemlcaé .13 on Cu@C are ascribed to the (111), (200), and (220)

properties were determined by X-ray photoelectron spectrosco J T
(XPS, VG ESCALAB 250, Thermo VG Scientmerica). The anes of the Cu crystal (JCPDS no. 04-0836), indicating the

BrunauerEmmett Teller (BET) spect surface are&() and the ~ formation of Cu nanoparticles. The peaks of the CN samples
surface structure were analyzed from nitrogen adsorption/desorptigfe all located between theraction peaks of Cu and Ni,
isotherms using a specisurface and porosity analyzer (Gemini- con rming the formation of the CuNi alloy. For example, the
2390, Micromeritics, America). The carbon content was analyzgreaks of Cply) at 2 of 43.94, 51.19, and 75.82present the
using a DTA/TGA analyzer (TG, DTG-60, Shimadzu, Japan). Thejj ractions of the (111), (200), and (220) planes of the CuNi
reaction mechanism was analyzed by electron paramagnetic resonafes (JCPDS no. 65-9048), respectively. By comparing the
(EPR) tests using an electron paramagnetic_resonan_ce spectromejer: - ~taristic peaks of thre CN samples, the positions of the
(JES FA200, JEOL, Japan). Hydrogen evolution reaction (HER) te aks are slightly grent, which can b’e attributed to the

were used to characterize the hydrogen evolution performance of . .
sample by using an electrochemical workstation (Chi 650e, Shanghafnge of the crystal plane distance caused by ehentli

Chenhua, China), and the test method followed our previou¥ work.molar ratios of Cu/Ni. The peak values ofsGNat 43.35
2.3. Catalytic H, Evolution Measurements. Ten milligrams of ~ and CN, 3 at 43.30 obviously shift from that of the CuNi
the catalyst was added into a glass beaker containing 100 mLadoy (43.92), which can be attributed to the formation of a
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Figure 3.n uence of (a) CuNi atomic ratio in CN samples; (b) reusability of,gMor H, generation and (c) long-term stability of the catalyst

in a tap water system of the C\lsample (0.8 M HCHO, 1 M NaOH, and 0.21 atm gf @) maximum H generation rate compared with
reported works.

segregated Ni phase. These results reveal that an equim@lay, (952.56 eV) is 20.80 eV, also revealing the presence of
ratio between Cu and Ni atoms facilitates the formation of &° (agreeing well with the result from XRbBThe Ni 2p
CuNi alloy. In addition, a broad peak at 2¥drieach sample peak inFigure @ is deconvoluted into six peaks, and two of
is attributed to carbon. them are satellite peaks, being consistent with the literature
The SEM image of the @GN, sample Figure &) shows  reports for the existence of metallic Ni arfd."Ni*® The
nanoparticles with a size of 200 nm and a thin carbon layer existence of CuCw*, and Nf* can be attributed to the
outside each nanoparticle (see the arrows). The TEM imagskghtly oxidized surface of the CuNi alloy. To sum up, XPS
of the CN;.,y catalystiigure #l,e) show the apparent carbon analysis shows that Cu and Ni mainly exist in the formd of Cu
layer structure and the (111) crystal plane of CuNi with and NP, and they have no obvious chemical interaction with
lattice fringe of 0.206 nm. Regular crystal planes and carba@arbon.
coated structures can also be found in the TEM images of Ni@The nitrogen adsorptiodesorption isotherms of the
C and Cu@CKigure S} indicating the formation of carbon- CN;.;) sample inFigure 2 exhibit an apparent hysteresis
coated nanometals. TEM-EDX element mapping images of to®p between the relative pressures of 0.1 and 1. The curve is a
CN1.1) sample Eigure 1) reveal the presence of Cu, Ni, C, type-IV model adsorption/desorption isotherm, indicative of
and O elements. The Cu and Ni images show high density atite mesoporous structure of the catalyst. Furthermore, the type
a complete overlap in the interior of the particles, indicatingf the hysteresis ring is an H3 type, indicating that slit holes are
the formation of CuNi alloy nanoparticles. These resultrmed by particle accumulation in the maféfidle average
demonstrate that a nano-CuNi alloy wrapped with a thipore size of the material is 9.2 nm by Badeyner Halenda
carbon layer has been prepared. (BJH) model analysis (inset ifgure 2), which further
The XPS survey spectfaglure a) also reveal the presence provides evidence for the mesoporous properties of the
of C, Cu, Ni, and O elements in ). Due to the coating of material. These results show that most of the pore volume
a carbon layer, most of the Cu and Ni are not detected, but ttend spect surface area are provided by mesopores, and a
existence of CWNi atoms with an equal ratio can still be developed pore structure has been formed. According to the
found. The at. % of O is much less than that of C, proving th&ET linear curvetting, the spect surface area of the material
the content of O is very low, indicating that the content of thés 101 mi-g %, while the Langmuir specsurface area is 163.6
oxygen element is controlled in a low range by hydrogem?g !, displaying that the alloy material has a largecspeci
reduction. The high-resolution XPS spectrum of C 1s witburface area and suggesting that it has numerous active sites.
three peaks at 284.83, 286.20, and 288.60 eV is deconvolutedG analysis of GiN;) was carried out in air at a heating rate
(Figure B), which corresponds totheC/C C,C O, and of 10°C min 1, as shown iRigure £ As the temperature rises
C O species, respectivVély’? Figure 2 shows the Cu 2p from 200 to 700C, the mass of the material continues to
and Cu 2p, peaks. The Cu gp peak could be deconvoluted increase due to the oxidation of the metal CuNi alloy in air.
into two peaks centered at 932.76 and 933.95 eV, which m&then the temperature is between 300 andGl0be rising
be attributed to Clu(or Cu") and Cd#*, respectively. The rate of the material mass decreases obviously, which is caused
peak peak dierence between Cu32p(932.76 eV) and Cu by the oxidation loss of the outer carbon layer. When the
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temperature is increased to 80Pthe mass of the material is single-metal catalyst. In the following studies, we focus on the

118% of the initial sample, and it does not change anymore. #gst sample of GN,.
To evaluate the cyclic stability of the catalyst, 10 mg of

this time, the carbon layer is completely lost, th&liCalloy _ _
is completely oxidized to CuO and NiO, and their molar ratidcN.;) was taken for Jheneration reaction for 4 h under the

is 1:1. According to these data, it can be inferred that th@ptimized conditions, and then, the sample was recovered by
centrifugal operation for further use for,agé&heration test

content of the CuNi metal in the N sample is 93.6%. In LT 3 C :

addition, the water content can be concludedigme £to againFigure B shows that the Hyeneration experiment is

be 1%, calculating that the carbon content in the sample '@Peated for 5 cycles, and theyeheration eciency remains

about 5.4%. These results display that the catalyst is mad&@?e of that of therst experiment. To investigate the

the Cu Ni alloy and carbon, consistent with the physicaf€@sibility 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 HCH&ure 8). At the beginning

of the reaction, the catalyst has a high catalyiieney, and

lap water has little ect on the eciency of the catalyst. As the

reaction proceeds, the rate of generation decreases

characterizations aforementioned.

3.2. Catalytic Performances.The in uences of the initial
KOH concentration, HCHO concentration, andc@ncen-
tration in the reaction system on hydrogen generatio
performance were studied systematiéaglyre Salisplays radually. After formalin is added to make the concentration

that the optimal condition is 10 mg of the catalyst, 1.0 '\ﬁack to the initial HCHO concentration, the reaction rate
ncreases dramatically and close to that of ritehour,

KOH, 0.8 M HCHO, a higher {partial pressure, and a higher .
dicating that the decrease in theeheration rate is due to

reaction temperature. Considering economy and practicali
subsequent experiments were carried out in an air atmosphg{e depletion of HCHO. The XRD pattern and the TEM

and temperature, i.e., 0.21 atm pa@ 25°C. image of the recovered sample are shdviguire S3which is
To investigate the ect of the CuNi atomic ratio in the  4jmgst the same as the sample structure before the reaction.
CuNi@C catalyst, the rates gfgeneration over CU@C, Ni@ These results suggest that the nano-CuNi@C isciene

C, and dierent CuNi@C catalysts for HCHO dehydrogen-catalyst with extremely high long-term catalytic stability for H
generation in HCHO solution. Compared with the previously

ation under 1 M KOH and 0.21 atm, ©onditions were
tested. It is found that the sample Ofl_qNNith a l1l:1 CuNi reported performancgigure ﬁ),6'17'48 S0the CNl:l) catalyst
atomic ratio has the highes} generation rate of 110.98 in this work has an excellens generation from HCHO
mmolg “h ! (Figure &), 1.47 times and 4.93 times higher solution among the non-noble-metal catalysts, even higher
than those of Cu@C (75.40 mmdth ') and Ni@C (22.50  than those of some noble-metal catalysts.

mmolg %h %), respectively. The results show that all the 3.3. Density Functional Theory (DFT) Calculations.
CuNi alloys have better HCHO dehydrogenation than thdFT calculations are usually used to explore the catalytic
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Figure 5.(a) Free-radical quenching experiment; (b) EPR testeoénli samples under the same reaction conditions; (c) HER test of Cu@C,
Ni@C, and CI.;, (d) catalytic schematic diagram of CuNi@C fogeteration in HCHO solution.

reaction mechanism from the theoretical level. In this worky coupling Hand G (Figure #,d andrigure Sp This step
catalyst models were constructed to provide detaileldas a higher activation energy (1S-1,dE 140.33 kihol Y
information about the energetics and structure of the elementi;, (. = 130.62 kihol 1), but the energy changes of thet
reaction steps. The model was based on an alloy phase withna last two states of the process are not obvious. Then, with
Cu Niatomic ratio of 1:1, and the carbon layer with graphenthe adsorption of water, the relative energy of the system
structure was added on the surface to simulate the actdatther decreases. The dissociation of water is the rate-
situation. As shown kigure S4aaccording to the XRD and determining step of the reaction and has the highest activation
XPS characterization results, Cu and Ni do not combine wittnergy in the reaction (1S-2, g = 249.41 kihol 1 dg, type
carbon; they are connected with each other physically. 256.88 kihol 1) (Figure ¢ e andFigure Sy Water
Therefore, the model of physical interaction between thdissociation generates abundant surface hydroxyl groups,
Cu Ni alloy and the carbon layer is established and optimizedhich accelerates the HCHQ® conversion reaction at
The active carbon sites corresponding to Cu and Ni in thtéhe interface. Due to the highly active nature of-HGO®nds
CuNi@C alloy were labeled as I-type and lI-type reactioto react with-OH generated by water decomposition
pathways for DFT calculation, respecti/édyi(e S4b)cThe immediately to produce HCOOH. Then, the reaction ends
relevant parameters and information involved in DFTup with H and -OOH forming H and Q. Figure 4 also
calculation are shownTables S1S3 shows that the relative energy of the ll-type is relatively low in
The whole reaction consists of nine garations, including the whole reaction process, especially in the rate-determining
seven local minima and two intermediate states Figs)g step, i.e., water dissociation. DFT calculations reveal that the
4a). The reaction mechanism is given based on experimentatalytic reaction is mainly carried out at the Cu active sites.
results combined with previous woAll calculated energy The calculation of fgeneration before HCOOH shows that
data are shown irable S4and NEB calculated energy data of the overall energy of the system is greatly increased, indicating
intermediate states (ISs) are showrainle S5 and Figure.S5 that it is reasonable for HCOOH to be generatgdFigure
Each state model can be foundrigures S6 and SThe S8.
reaction is initiated by the adsorption of oxygen on the surface3.4. Mechanism DiscussionTo explore the participation
carbon. The adsorption relative energy of the II-tyde i85 of free radicals in the rdaat free-radical quenching
kdmol !, and that of the I-type is about +15.19n&D experiments were carried obtg(re @). Under the same
Relatively, the reaction is more easily initiated at the active sigaction conditions, 5 mL of furfural alcohol (FFA)tartd
corresponding to Ni. However, since the lower energy barributanol (TBA) were additionally added to the reaction system
of the process can be completely overcome at rooito quenchHOO and-OH. With the addition of a quenching
temperature, this does not mean that the copper site &gent, the K generation rate in the reaction decreased
di cult to react. Because of the rich charge of thHiGlioy signi cantly, conrming the existence of free radidatsure
and the good electron conduction of the graphite carbon layély is the EPR characterization for searckidhy in the
it is easy for oxygen to make electrons become superoxigaction. Dierent samples (20 mg) were added into the mixed
species (@ ).>* For the HCHO adsorption process of the two aqueous solution of 0.8 M HCHO and 1 M KOH and stirred
models, the energy of the system will be further reduced. for 10 min to test th@©H in the reaction. With the addition of
Then, induced by O, the C H bonds in the HCHO  a catalyst, the signal©H appeared obviously in the solution.
molecule stretched and cleaved-@f@H and HCG species  Cu@C has the highest free-radical signal, indicating that Cu@
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C has higher catalytic activity than Ni@C angd.{Nrhe South China Agricultural University, Guangzhou 510643,
performance of fevolution of the sample is characterized by  China; @ orcid.org/0000-0002-2362-7776

HER technologyHigure 8). Obviously, the performance of Email:caixin2015@scau.edu.cn

Ni@C is better than those of Cu@C and;@N which Jihai Liao Department of Physics, South China University of
indicates that nano-Ni has the best performance, of H Technology, Guangzhou 510640, Ehiadl:jhliao@

evolution. The above experimental results show that the scut.edu.cn

formation process é®H more likely occurs at Cu sites while  Shengsen ZhangKey Laboratory for Biobased Materials

the H, evolution reaction at Ni sites. Combined with the and Energy of Ministry of Education, College of Materials
experimental results, the high catalytic HCHO dehydrogen- and Energy, South China Agricultural University, Guangzhou

ation performance of N, is mainly attributed to the 510643, China; Guangdong Laboratory for Lingnan Modern
synergistic @ct of the high activity of nano-Cu and the high Agriculture, Guangzhou 510643 Guangdong, China;
H, evolution performance of nano-Ni. orcid.org/0000-0002-6184-02&Mmail:zhangss@

To sum up, combined with the experimental results and scau.edu.cn
DFT calculations, the catalytic schematic of CuNi@G, for H
generation in HCHO solution is obtained, as showigime ~ Authors _ _
5d. KOH was consumed by HCOOH produced during Zining Zhou Key Laboratory for Biobased Materials and
formaldehyde reforming, driving the reaction forward. The Energy of Ministry of Education, College of Materials and
stoichiometric characteristics of the CuNi@C catalyst for Energy, South China Agricultural University, Guangzhou

dehydrogenation of HCHO are as follows: Y510|—?43’NChinSah o E i Emi i
un Hau chool of Energy and Environment, Ci
HCHO + O,+ H,0 9 9y y

University of Hong Kong, Hong Kong 999077, China;
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HCG- OOH - OH - H Shengju Xu Key Laboratory for Biobased Materials and
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In summary, CuNi allogarbon layer corshell nano-
particles have been prepared fotient H, 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 CNi molar ratio of 1, i.e., GN,, have

the highest Klgeneration rate. The,lgeneration rate of the
CNqy is 110.98 mmg “h %, 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 eient HCHO reforming Ag”C_L:jlt“reio(ggg%%zoh??j;llfgnguangdong, China;
into H, is based on two aspects. One is that the synergistic ~ °' c'©-0'9 i i i

e ect of the Cu and Ni metals in the CuNi@C alloy leads to £omplete contact information is available at:

very high catalytic performance, in which Cu has a very higitps:/pubs.acs.org/10.1021/acsami.1c11776

active species generation for HCHO decomposition and Ni
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