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Abstract

The de_eloping high-ef ciencq, urea fuel cells ha e an irreplaceable role in sol ing the increasingly se ere
en ironmental crisis and energy shortages. The sluggish si -electron d%,namic anodic o idation réaction is the
bottleneck of the rapid progres? of urea fuel-cell technolog’, To tackle this challenge, V8 select the NiCr bimetallic
s¢stem due to the unique sgnergic effect bet_ een the Ni and the Cr. Moreo_ er, better conducti itg is assured
using carbon nanotubes (CNTSs) as the support. Most importantly, . e use a Eimple h ‘drotherm\ﬁl method in
catalgst preparation for easg, scale-up at a lo“ cost. The results sho_, that the h, ,bric? catalgsts of NiCr/—o, Ade-
CNTs _ ith different Ni/Cr ratios sho, much better catalgtic performance in terms of acti ‘e surface area and
current densitg as compared to that of Ni-hgdro-CNTs. 'l%le optimk ed NiCr,-o_ide-CNTs é"atal st e hibits not onlg,
the largest electrochemically acti e surfacearea (ESA, 50.7 m?g ?) and the highest urea electrocatalgtic current
densitg, (115.6 mA cm 2), but'also Butstanding long-term stability, The prominent performance of the NiCr,-o_ide-
CNTs catalgst is due to the combined effect of the impro ed charge transfer bet_ een Ni and Cr species, the

large ESA, along “ith an elegant balance bet, een the o_ggen-defect sites and h,,drophilicit’, Moreo\rer, V6 ha\re
proposed a s’,nergisticall" enhanced urea catal’tic mechanism.
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Introduction

Grog ing energy, demand and serious pollution issues ha e
prompted the” de elopment of alternati e en ironmen-
tally, friendly, and sustainable ener souYrces [T], such as
hgdrogen fuel, “hich is an ideal re?acement for con en-
tional energy sources due to its high energy density and
pollution-frée products [2, 3]. Urea [CO(NHZ)Zg]%as pro en to
be an effecti e H, carrier and CO,-storage medium for con-
tinuous energy supply, due to its inherent characteristics,
such as high énergy density, (16.9 MJ L ¢, 10.1 “t% of H,)),
non-j ammability, rion-to icity, ease of transportation and
10“ storage cost’[4, 5]. As an éssential intermediate in ni-
trogen and carbon cgcling in nature, urea is formed bg, com-
bining NH, and CO,; thereby, it can ef “ciently stabil e NH,
and 7,_CO, | hile storing I—?Z v ith high density, The stored
energy in urea can be retrie\“ed either by reledsing H, ther-
mallg’and cataI’ticall or ia a direct urea fuel cell (DUFC).
The ?)UFC also can be useh to o, ide e urea-based organics
from the y. 2Stey ater stream to generate energg.as ¢ ell as
pretreat the _ astey ater. De eloping a high-péerformance
anode catalgst is a crucial step to“ards achie\“ing an ef 1-
cient DUFC sgstem.

A series o% studies ha e sho_ n that noble metal cata-
l4sts such as Pt- and Pd-based composites as anode mater-
ials ha e the high catalgtic acti\“it’ of the urea-o jidation
reaction (UOR) [6 8]. Né ertheless;] its industrial applica-
tion is limited by, cost and scarcitg, Therefore, continued
efforts are being made to nd affordable, earth-abundant
and non-precious-metal catalgsts for UOR.

In the past fe, decades, fesearchers ha e disco ered
that Ni-based transition metal catal,sts ha e compar-
able catalgtic performance and stability, to these of noble-
metal-based catalgst for UOR. Ho“e er, most Ni-based
catalgsts are often’limited bg, high UOk o erpotentials [9].
Moreo\“er, ty0 t’pes of UOR mechanisms y.ore reported on

Ni-based catalgsts. The 7rst one is a direct mechanism in
“hich the intérmediate nickel o dro jide (NiOOH) ini-
tiates urea o jidation in a series 6f electrochemical steps
[10]. The other, “hich is an indirect mechanism proposed
through densitg functional theorg, (DFT), suggests that the
indirect route of urea o jdation is that the urea reacts _ ith
NiOOH to form the "nal product in a chemical step [11]. To
address the high UOR o erpotential challenge, bimetallic
catalgsts composed of NI and other transition metals ha e
been"de eloped such as NiCo,0, nano ire arrag/Ni foam
[12], NiMoO, nanosheets [13], NiMn/carbon nano “bres [14],
Ni-Mo/grapheme [15], Ni&Mn/carbon nano ’bres [16], etc.
The studies suggest that the bimetallic catalgst-based UOR
folloy s both the direct- and the indirect-mechanism paths
[17, 18].

Special attention needs to be paid to the NiCr bimet-
allic sgstem in _ hich Cr modi %es the d-band electronic
structiire b, . eakening the Ni O interaction, therebg,
impro ing the UOR rate [19]. Furthermore, Cr sho“s strong
resistance to“ards the quaternarg, ammonium functional
group-initiated reaction inhibition [20]. Moreo_er, NiCr bi-
metallic catalgsts also sho, enhanced methanol o idation
and hgdrogen e olution under alkaline medium [20, 21].
Ho_ e’er, Cr-based materials ha e been rarely reported as
catalgsts for urea o idation. A recent studg, Te ealed that
40% gr of NiCr on carbon support e hibits’a high current
densitg of 2933 mAmg,, * for urea o jidation at a potential
of 0.55V, “hich is 3.6-fold higher than that of Ni/C [22].
Ho_ e er, the interaction bet_, een Ni and Cr is still un-
clear and the poor catalytic stabilit’ needs to be further
impro ed.

Herein, _ e take a simple hgdrothermal approach to
senthest e NiCr,-o ide-carbon” nanotubes (CNTs). The
catalgsts | ere charactem ed e tensi ely using X-rag,
po“c?er diffraction (XRD), scanning electfon microscopy,
(SEM), transmission electron microscop,, (TEM), Raman,
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X-rag, photoelectron spectroscopg, (XPS) and electro-
chemical methods to achie e the best-performing cata-
l%st in terms of electrocataY’.tic acti\qe surface area and
€lectrocatalgtic current den51t¥\}b3‘ \“ar’ing the Ni/Cr ratio.
The results‘demonstrate that NiCr,-o _jide-CNTs sho“ su-
perior performance that gi es the highest electrochem-
icallg, acti e surface area (ESA) (50.7 m? g ?) and the highest
elec?rocatal tic current densitg, (115.6 mA cm 2). Moreo, er,
the optim# ed catalgst re eals’long-term stabilitg, for [}'OR
in 1.0 M KOH + 0.33%/1 ure\"a solution. The e ceptional cata-
l4tic performance is ascribed to the fast charge-transfer
Kinetics, large acti e surface area and better dispersion of

Ni nuclei [22].

1 Experimental
1.1 Materials

Chromic chloride he jahgdrate (CrCl, 6H,0, >99%, Aladdin),
nickel chloride he ahgdrate (NiCl,6H,0, >98%, Aladdin),
ammonium juoride (NH,F, >96%, Xilong), urea (CO(NH,),,
>99%, Aladdin), polg inglpgrrolidone (PVP, M = 58 000,
Aladdin), Na “on solutiori (~5%, Alfa Aesar), ethglene glgcol
[(CH,0H),, XILONG], anhgdrous ethanol (C,H,OH, >99.6%,
Xilong). All reagents _ eré of analgtical grade and could be
used _ ithout further puri “cation. CNTs (>95%) v 6re pur-
chased from Aladdin.

1.2 Synthesis of NiCrx-oxide-CNTs composites

The NiCr,-o0_ide-CNTs hgbrid composites  ere obtained
through the hgdrothermal method as follo“s: 73.3 mg
NiCl, 6H,0, 163.5 mg CrCl, 6H,0, 0.277 8 g NH,F, 0.225 2 g
CO(NH,),, 100 mg PVP and 100 mg CNTs _ ere added to
a continues sonication solution of 20 mL H,0/ethglene
glgcol ( / = 1/1). After 30 min, the resulting suspension
 as transferred to Tej on-lined stainless steel and auto-
cla ed for 9 h at 120°C. The resulting products y &re cen-
trif\ﬁged at 6000 rpm for 10 min, rinsed | ith e cess H,0/
ethanol and free e-dried o er 12 h. The obtained prod-
ucts | ere nominated as NiCr,-0 ide-CNTs. As a com-
parison, a series of NiCr -o_ide-CNTs composites _ ith
different Ni/Cr molar ratios (1/1, 1/3, 2/1 and 3/1) yere
further prepared using a similar approach, as mentioned
abo e. Mean_ hile, the best-performing catalgst y.28 also
made using direct h’drothermal methods for'comparison
purposes.

1.3 Characterizations

The morphologg and microstructure of the catalgst _ ere
in estigated in“detail bg, SEM (FEI Quanta 200 FEG) and
TEM (JEM-2100F) “ith -rag, energy dispersi e spectros-
copy, (EDS). The crgstal structure of the material _ as char-
actém ed bg XRD (Rigaku D/Ma . 2 500 V/PC) at a scan
speed of 2.0 degree min . Thermal gra imetric measure-
ment | as made on a TGA/STA409 PC module “ith arising

temperature rate of 2.5°C min * from 20 to 800°C under
continuous O, } Oy The true ratio of the different metals in
the catalgst v.28 e amined b?‘ inducti elg, coupled plasma
atomic €mission spectrometry, (ICP—XE , IRIS Intrepid II
XSP). The chemical states of the different elements yere
probed bg, XPS (JPS-9 010 Mg Ka). The binding energg, . as
calibrated based on a 284.8-eV (C C bond) of the C 15 peak
and a standard de iation of appro imately .0.05 eV. The
true ratios of Ni and Cr for different materials _ ere de-
termined b ‘inducti\qel,‘ coupled plasma (ICP, PekinElmer
FLe ar-Ne ION300X).

1.4 Electrochemical measurements

All electrochemical measurements _ ere performed in a
standard three-electrode cell _ ith a multi-channel Bio-
logic VMP3 as an electrochemical _ orkstation, in “hich
a glassy, carbon electrode (GCE), graphite plate and sat-
urated calomel electrode (SCE) y.ere used as the “orking,
counter and reference electrodes, respecti ely, Before the
e periment, se eral GCEs _ ere polished | ith ALO, 'ne
po“der, then “ashed “ith H,SO,, ethanol and H,0 three
times. The _ orking electrode v.28 prepared as follo_ s: 4.0
mg of the catalgtic material | as ultrasonically dispersed
in 1.0 mL mi_e&d sol ent (32 uL of 5% Na on + 200 uL of
ethanol + 768 pL of H,0) for 30 min to form a homoge-
neous solution. Then, 10 uL of the abo e catalgst inks
v.28 pipetted onto the surface of the GCE (¢ = 3 mm) and
naturally dried for use. The loading of the catalgst _ as
about 0566 mg cm 2 Cgclic oltammetrg (CV) _as ana-
l4sed in the potential range of 0.0 to 0.8V ( s. SCE) “ith
a scan rate of 50 mV s !in 1.0 M KOH saturated “ith N,
. ith and _ ithout 0.33 M urea electrolgte. Since the con-
centration of urea in human urine is appro_imatelg 0.33
M and most pre ious reports on the electrocatalgsis of
urea _ ere carriecfout in 1.0 M KOH solution, the uréa con-
centration of 0.33 M _ as used for comparison purposes in
this “ork [23 25]. The stabilit, of the catalft . as tested
by, chronoamperometry at a * ed potential of 0.45V ( s.
SCE) for 2.0 h in a 1.0 M KOH + 0.33 M urea solution. )&11
electrochemical studies _ ere conducted at room tem-
perature (25 . 1°C).

2 Results and discussion

2.1 Crystal structure and thermogravimetric
analysis

The sheet-like NiCr,-o ide-CNTs J as sgnthest ed by a
facile one-step method, in “hich the précursors of NiCl,,
CrCl,, CNTs, NH,F, PVP and urea _ ere ultrasonically dis-
persed in a mi_ed solution of H,O-ethglene gl co? and
then heated to 120°C for 9 h to achie e the nal composite
(Fig. 1a). Studies ha e sho_ n that urea pro_ides an alkaline
en ironment, PVP and ethglene glgcol manipulate micro-
structures as ligands, “hile NH,F regulates the directional
gro‘.\th.
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Fig. 1: (a) Schematic illustration of the preparation of NiCr,-o_ide-CNTs composite. (b) XRD patterns of NiCr,-o ide-CNTs, Ni-h,dro-CNTs and
Cr-hgdro-CNTs. (c) Thermogra\“imetric (TG) and differential thermogra\«imetric (DTG) cur\res of NiCr,-o_ide-CNTs “ith a heating rate of 2.5°C min !

undér O, atmosphere.

The XRD patterns of the optim# ed catalgst NiCr,-o _ide-
CNTs “ith the ty.0 catalgsts prepared using hgdrothermal
methods in the absencé of either Ni (Cr-hgdro-CNTs) or
Cr (Ni-hgdro-CNTs) are sho“n in Fig. 1b. The rest of the
NiCrr-o Jde-CNTs catalgsts sho“ similar XRD patterns
[Fig. S1 in the online Supplementarg Data (see the online
Supplementarg, Data)]. Fig. 1b indicates that the crgstal
structures of NiCr,-o _ide-CNTs are consistent “ith the
standard model of NiCr,0O, (JCPDS: 65 3 105) [26], including
the tgqpical peak of the crgstal plane (002) of CNTs at
25.8"."Notably, the Cr—h’dro-CNTs e hibits four character-
istic diffraction peaks at 18.2, 19.4, 26.6 and 43.7" corres-
ponding to the (001), (100), (101) and (201) crgstal planes
of Cr(OH),3H,0 (JCPDS: 16 0 817) [27]. Simultaneousl
the XRD pattern of Ni-hgdro-CNTs matches _ ell ‘itﬁ
the standard models of NiOOH (JCPDS: 27 0 956) and
Ni,O,(OH), (JCPDS: 06 0 114) as ‘,\ell, suggesting the co-
e Jistence of these t, o species in Ni-hgdro-CNTs com-
posite. The ICP test results of NiCr -o_ide-CNTs samples
“ith different molar ratios of Ni/Cr indicate a high le el
of consistenc ,bet“een the e perimental alues and the
theoretical a%ues [Table S1 in the online upplementar"
Data (see th\é online Supplementar’ Data)].

Thermogra imetric (TG) and differential
thermogra imetric (DTG) cur es v.ere applied to e plore
the o_ide content of the optimal NiCr,-o_ide-CNTs cata-
lgst under O, atmosphere (Fig. 1c). In the initial stage from
room temperature to around 120°C, the _ eight loss is
due to the e aporation of _ ater. Then, a signi #cant drop
bet  een 400 and 600°C is attributed to the o idation of
carbon. In addition, the 36.2 | t% remnant of NiCr,-o ide-
CNTs after 800°C is nickel-chromium o _ide [28]. Notabl
there is a sharp e othermic peak on the DTG cur\”e at

457.0°C caused by o idati e perolgsis of CNTs [29]. As
sho“n in Fig. S2 1n the on\iine Supplementarg Data (see
the online Supplementarg, Data), the sharp Rdman peaks
of NiCr,-o_ide-CNTs, Ni-%,dro-CNTs and Cr-hgdro-CNTs
are obser ed at ~1341 and 1582 cm * for the D and G bands
here thg ratio of the D and G bands refers to the graphitic
degree [30]. One can conclude that the NiCr,-o_ide-CNTs
ha e the highest defect structure due to the highest I /I_
al\“ue (1.18) as compared to these of Ni-h’dro-CNTs (1.13)
and Cr—h’dro-CNTs (1.06).

2.2 Morphology analysis

The morphologg and microstructure of NiCr,-o0_ide-CNTs
yere further in”estigated by, SEM image, TEM images and
EDS mappings. Fig. 2a is an”SEM image “hich sho_ s that
some spherical structural species are intert, ined _ ith
CNTs.The TEM image of Fig. 2b further discloses the spher-
ical species composed of sheet-like species containing
t, o tgpes of clear lattice stripes _ ith the lattice spacings
of about 0.25 and 0.32 nm (Fig. 2¢), , hich are consistent
,ith the (311) facet of NiCr,0, and‘\(002) facet of CNTs,
respecti elg, [31]. Moreo er, the EDS mappings manifest
that the elements of Ni, Cr and O are e enly, distributed
throughout the entire skeleton of the I\yliCrz—o‘ Ade-CNTs
composite (Fig. 2d).

2.3 XPS analysis

XPS analgsis | as adopted to probe the chemical states of
Ni and Cf elements in NiCr,-o_ide-CNTs (Fig. 3). As sho“n
in Fig. S3a in the online Supplementarg, Data (see the on-
line Supplementar’ Data), the sur\”e,' PS spectra sho“ed
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that NiCr -o_ide-CNTs _ ith different Ni/Cr ratios con-
tained Ni,rCr, C and O elements. The high-resolution C 1s
[Fig. S3b in the online Supplementarg, Data (see the online
Supplementarg, Data)] of each cata% st consists of four
peaks at C=C (284.0 eV), C C (284.8 eV), C O (286.0 eV) and
C=0 (288.8 eV) [32], “hich are used as calibration stand-
ards. As sho_ n in Fig. 3a, the high-resolution Ni 2p spec-
trum of NiCr,-o_ide-CNTs has been decon oluted into four
peaks, in “hich the binding energies at 85\'4.9 and 872.7 eV
are ascribed to Ni 2p,, and Ni 2p, , respecti elg, and the
other t, o peaks are attributed to satellite peaks [33, 34].
All of these characteristics indicate that the Ni species in
the composite is mainlg present as Ni*. It is _ orth noting
that the binding energg of Ni 2p, , in the NiCr,-o0 _ide-CNTs
composite has a negati e shift of 0.25 eV compared to that
of Ni-hgdro-CNTs. Mean_ hile, the high-resolution Cr 2p
region of the NiCr,-o _ide-CNTs composite v.28 Ttted to

Fig. 2: (a) SEM, (b) TEM and (c) high-resolution TEM images of NiCr,-
o0 ide-CNTs. (d) EDS mappings of NiCr,-o_ide-CNTs “ith Ni, Cr and O
elements

t, o peaks corresponding to Cr 2p,, (576.4 eV) and Cr 2p, ,
(586.2 eV) of Cr® [33], respecti el" (Fig. 3b). The binding en-
ergy, of Cr 2p,, for NiCr,-0 ,i\ae—CNTs e hibits a positi e
shift of 0.18 eV as compared to that of Cr-hgdro-CNTs.
The binding-energy, changes indicate the presence of
electronic-coupling’and electron-transfer effects bet_ een
the components of NiCr,-o ide-CNTs [35, 36]. The elec-
tron migration bet“een Ni and Cr is belieyed to promote
the electroo jidation of urea sgnergisticallg [37]. The high-
resolution Ni 2p and Cr 2p ot’the rest of the NiCr -o_ide-
CNTs composites _ ere also analgsed for comparisfon [Fig.
S3c and d in the online Supplementarg, Data (see the on-
line Supplementarg Data)], ., hich sho_ "a similar electronic
structure. In addition, the high-resolution O 1s of all com-
posites are “tted to four peaks representing metal-o ide,

acancies, C O and adsorbed H,0 (Fig. 3c), respecti_elg [38].

he results re eal that the Cr species has a positi' e effect
on the o_ggen-defect sites, _ hile the Ni species increase
the hgdrophilicity of the composite. As a result, the e cel-
lent Urea electrocatalgtic acti it" of the optime ed NiCr,-
o ide-CNTs is the fruit of an e\’legant balance bet“een the
o v,gen—defect sites and h’,drophilicit’,

2.4 Electrochemical performance analysis

The CV cur es of NiCr -o_ide-CNTs, Ni-hgdro-CNTs and
Cr-h dro-CﬁTs perforrﬁed in 1.0 M KOH solution _ ere
used to e aluate their ESA (Fig. 4a). The “gures indi-
cate that all catalgsts e cept Cr-hl’dro-CNTs present a
pair of redo . peaks in the potential range of 0.0 to 0.8 V.
The anode peak in the for  ard scan is consistent _ ith
the Ni(OH), species o _idk ed to NiOOH and the cathode
peak in the re erse scan is ascribed to the reduction of
NiOOH to Ni(d"H)2 [11, 39]. Generallﬁ, the ESA S cal-
culated by, the required reduction charge in the re erse
scan, “hich is directly, proportional to the number of ac-
ti e sites for urea electroo jdation. The ESA alues of all
catalgsts can be estimated from the equation’ESA = Q/mq
[38, 40], “here Q is the total charge used for the reduction
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Fig. 3: High-resolution XPS regions of (a) Ni 2p, (b) Cr 2p and (c) O 1s from NiCr,-o_ide-CNTs, Ni—h,dro—CNTs and Cr—h"dro—CNTs
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Fig. 4: (a) CV cur es of NiCr -o_ide-CNTs “ith different Ni/Cr ratios, Ni—h,dro—CNTs and Cr-hgdro-CNTs in 1.0 M KOH. (b) The summaz ed ESA
values from (a). (c) CV cur\“es of different Catal,;sts in 1.0 M KOH + 0.33 M urea. (d) The summaz ed for“ard current densities from (c).

of NiOOH species to Ni(OH),, m is the mass of Ni in the
supported catalgst and q is 257 uC cm 2 as onlg, one elec-
tron for NiOOH ton, erted to Ni(OH),. As sho“n in Fig. 4b,
the NiCr,-o_ide-CNTs sho“s the highest ESA of 50.7 m?
gl “hich is 1.44-, 3.70-, 1.23-, 1.37- and 46-fold higher
than NiCr-o ide-CNTs (35.3 m? g?), NiCr,-o ide-CNTs
(13.7 m? g *), Ni,Cr-o_ide-CNTs (41.3 m? g ), Ni,Cr-o_ide-
CNTs (36.8 m? g ') and Ni-hgdro-CNTs (1.1 m? g *). Studies
ha e found that the introduction of a certain amount of
Cr 'species can e pose more acti e sites through sgner-
gistic interactions of Ni and Cr species [41]. Moréo er,
the arious Ni/Cr ratios result in different morpholo
in N1Crt-ovide-CNTs composites, ‘.\hich also ha e a sig-
ni “cant effect on ESA _alues [21]. Therefore, the optimal
alue of the Ni/Cr ratio is required to obtain the highest
SA. Thereafter, the electrocatal,tic tests of all catalgsts
. ere performed in 1.0 M KOH "+ 0.33 M urea (Fig. 4c).
Although all catalgsts sho, a similar onset potential at
~0.32Ve ceptfor gr-h dro-CNTs (0.56V), the NiCr,-o_ide-
CNTs catalgst has the largest current density, (115.6 mA
cm ?), o hiC]‘”l is about 1.36-, 2.71-, 1.20-, 1.22- and 7.2-fold
higher than those of NiCr-o_ide-CNTs, NiCr,-o_ide-CNTs,
Ni,Cr-o ide-CNTs, Ni,Cr-o_ide-CNTs and Ni-hgdro-CNTs,
respecti ely (Fig. 4d). Here, the higher onset potential of
the Cr-hgdfo-CNTs catalgst than others mag be due to the
fact thaf the catalgst lacgs effecti e acti e Sites to adsorb
urea molecules, therebg, requiring a higher polas ation
potential to dri e the reaction. It is also , orth noting that
Cr-hgdro-CNTs has almost no catalytic acti itg, for urea,

but the composite catal,,sts including Ni an\“d I possess

higher catalgtic performance as compared to both Ni and
Cr single-component catalgsts for urea o idation, once
again indicating the sgnergistic effect bet, een Ni and Cr
species. In addition, e also studied the electrochemical
performance of NiCr,-o_ide, CoCr,-o_ide-CNTs and FeCr,-
0 Jide-CNTs in 1.0 M KOH and 1.0 M KOH + 0.33 M urea
[Fig. S4 in the online Supplementarg Data (see the online
Supplementarg Data)]. The results s?‘.o . that the catalgtic
performancesof these control catalgsts are much lo_ er
than that of NiCr,-o ide-CNTs, “hic% indicates not onlg,
the importance of the CNTs, but also the unique effect of
sqherg, bet“een Niand Cr to“ards the catalﬁtic perform-
ance of urea o jidation.

In the initial stage of electrocatalgsis, studies found that
the Ni(OH), species st lose one e?ectron to form NiOOH
on the catalgst surface [Ni(OH),+OH « NiOOH+H,O+e"]
[42, 43]. Subséquently, the produced NiOOH intermediates
could adsorb hgdro 4l ions and urea molecules from the
electrolgte. After undergoing a comple , multi-electron-
transfef process, the urea molecules are /nallg o idk ed
to N,, CO, and H,0 on the acti e sites [CO(NH,),+60H -
CO,+N,+5H,0+6e7] [38, 44] “hile the NiOOH species is re-
duced back to Ni(OH), species [45]. The summau ed for-
. ard current densities of NiCr -o_ide-CNTs are sho, n in
Fig. 4d; the NiCr,-o_ide-CNTs ého“s the highest current
density, Furthermore, it is also among the top-performing
urea-o idation catalgsts reported in the literature because
of thelo  onset poténtials and high peak current densities
[Table S2 in the online Supplementar’ Data (see the online
Supplementar,' Data)].
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The stabilities of NiCrI—o. Ade-CNTs catalgsts “ith dif-
ferent Ni/Cr ratios _ ere tested by, chronoaniperometrg, at
a constant potential of 0.45V in"1.0 M KOH + 0.33 M urea
electrolgte. As shoy n in Fig. 5, the NiCr,-o_ide-CNTs cata-

st sho, s the highest initial current density, (85.0 mA
¢m ?) and limiting current densitg, (38.6 mA cni ?). The ini-
tial spike can be attributed to the higher urea concentra-
tion on the surface of the catal’sts at the beginning and
the current stabile es after somie time “here the s,stem
reaches the equilibrium [46].

2.5 Catalytic-mechanism analysis

As discussed abo e, the NiCr,-o ide-CNTs catalgst e -
hibits e cellent electrocatalgtic performance for urea
o jidation. Electrochemical studies sho, that the Ni*
species on the surface of the NiCr,-0 ide-CNTs cata-
lgst is “rst o idé ed to NiOOH species (lose 1e) as the
acti e sites (M) (Fig. 6, Step I). Then, the urea molecules
in the solution are adsorbed into the acti e sites of the
NiOOH surface and the partiallg positi €lg, charged H
atoms of the urea molecules are’adsorbed 6nto the sur-
face of the negati elg charged Cr species (due to a higher
electron density, than Ni species) through electrostatic
interaction (Step II). After the attack of OH ions and the
combination of electroo idation (loss of 1le7), one H atom
is remo_ed to form a free H,0 molecule (Step III). After
three consecuti\qe deh"drations, an intermediate state of
M-CO N, is formed. Similarly, after an OH attack and the
electroo jdation (loss of 1e7) follo“ed bg, losing of a N,
another intermediate state of M-CO OH'is formed (Step
V). Along “ith the further attack of OH ions and one
more electroo jdation process (loss of 1e), the last inter-
mediate state of M-CO, is formed _ hile releasing one
molecule of H,0 (Step V). Finag?, the acti e site M is re-
)

co\qered b" releasing CO, (Step V1) [11, 43].
90 —— /1=
80 ® 12 NiGr,-Oxide-CNTs with
13| different Ni/Cr ratios
701, M

—— -

60
50

40”030090000“%

j (MA cm™)

0 1200 2400 3600 4800 6000 7200
Time (s)

Fig. 5: Chronoamperometric cur, es of NiCr -o_ide-CNTs catalgsts “ith
different Ni/Cr ratios at a constant potential of 0.45V (\rs. SCEjin 1.0 M
KOH + 0.33 M urea for keeping 7200 s

Fig.6: The proposed possible catalgtic mechanismofthe electrocatal,tic
urea o_idation b" NiCr,-0 ide-CNTs catal,st in alkaline media

3 Conclusion

In summarg, the NiCr -o_ide-CNTs _ ith different Ni/Cr
ratio catalgsts _ ere p}epared bg, a facile hgdrothermal
method. Various techniques y.ere applied to in_ esti-
gate the crgstal structures, morphologies and chemical
states. The results indicate that the NiCr,-0 ide-CNTs
composite is composed of the sheet-like structure of
NiCr,-o ide and CNTs. There is a isible sgnergistic
effect bet_ een Ni and Cr. The electrochemical studies
sho‘L that the NiCr,-o_ide-CNTs catal%st e hibits
the immense ESA alue (50.7 m? g?), highest current
density, (115.6 mA cm 2) and permanent stability for urea
electroo jidation in alkaline medium. The prominent
performance of the NiCr,-o ide-CNTs catalgst is mainlg,
ascribed to its impro ed charge-transfer %inetics, the
larger ESA, along _ ith an elegant balance bet_ een the
o_segen-defect sites and hgdrophilicity, Moreo er, the
results also demonstrate a promising application of the
non-noble-metal catalgsts in y ater splitting, h’,drogen
production, fuel cells, étc.
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