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ABSTRACT
Strengthening  the  oxide–metal  interfacial  synergistic  interaction  in  nanocatalysts  is  identified  as  potential  strategy  to  boost
intrinsic  activities  and  the  availability  of  active  sites  by  regulating  the  surface/interface  environment  of  catalysts.  Herein,  the
SnO2/PtNi  concave  nanocubes  (CNCs)  enclosed  by  high-index  facets  (HIFs)  with  tunable  SnO2  composition  are  successfully
fabricated  through  combining  the  hydrothermal  and  self-assembly  method.  The  interfacial  interaction  between  ultrafine  SnO2

nanoparticles and PtNi with HIFs surface structure is characterized by analytical techniques. The as-prepared 0.20%SnO2/PtNi
catalyst exhibits extraordinarily high catalytic performance for ethylene glycol electrooxidation (EGOR) in acidic conditions with
specific  activity  of  3.06  mA/cm2,  which  represents  6.2-fold  enhancement  compared  with  the  state-of-the-art  Pt/C  catalyst.
Additionally, the kinetic study demonstrates that the strong interfacial interaction between SnO2 and PtNi not only degrades the
activation energy barrier during the process of EGOR but also enhances the CO-resistance ability and long-term stability. This
study provides a novel perspective to construct highly efficient and stable electrocatalysts for energy conversions.
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1    Introduction
The platinum-based nanocrystals enclosed by high-indexed facets
(HIFs)  feature  more  coordination  unsaturated  atoms  and
abundant  active  sites  than  those  of  catalysts  with  low-indexed
facets,  which  are  regarded  as  the  prospective  catalysts  to  replace
the  state-of-the-art  Pt/C  catalyst  in  field  of  electrochemical
reactions,  including  small  organic  molecules  electrooxidation
reaction,  water  splitting,  and  oxygen  reduction  reaction
(ORR) [1–3]. The direct alcohols fuel cells (DAFCs), as renewable
conversion  devices,  possess  high-efficient  transformation  of
chemical energy (e.g., methanol, ethanol, and ethylene glycol) into
electronic energy,  which have captured extensive attention owing
to high power density and environment friendliness. The ethylene
glycol  molecules  possess  less  toxicity,  volatility,  and  long  chain
structure  in  comparison  with  methanol,  which  can  impede  the
damage  of  electrolyte  membranes  [4].  Therefore,  it  is  greatly
significant to construct the ethylene glycol fuel cells for extending
the  life  of  the  electrolyte  membranes.  For  ethylene  glycol
electrooxidation  (EGOR)  reaction,  the  Pt  based  catalysts  with
HIFs not only facilitate for the oxidation of intermediate adsorbed
CO (COads) but also promote the scission of C–C bond during the
process  of  electrooxidation  [5].  Nevertheless,  the  HIFs  with  high

surface  energy  are  usually  metastable  in  thermodynamics,  thus
leading to the reconstruction of surface atom during the process of
long-term  stability  tests  in  electrochemical  energy  conversion,
particularly  for  the  catalysts  with  unique  morphologies.  For
unstable  HIFs  structure,  it  can  give  rise  to  the  migration  and
aggregation  of  surface  atoms  during  the  process  of  reaction  and
thereby  producing  significant  effects  on  atomic  arrangement,
catalytic  performance,  and  longevity  of  nanocrystals  [6–8].  It  is
thus crucial to explore an effective strategy to stabilize the surface
structure  of  HIFs,  while  also  help  maintain  high catalytic  activity
and durability during the process of electrocatalysis.

Usually,  great  efforts  have  been  devoted  to  constructing  stable
structured catalysts to enhance the intrinsic activity and durability
by  tailoring  surface  electronic/geometry  structure  of nanocrystals
[9].  For  supported  catalysts,  the  Pt-based  alloy  enclosed  by  HIFs
was  embedded  into  porous  graphene  or  nickel  hydroxide  to
display  improved  hydrogen  evolution  reaction  performance  in
alkaline  media  [10, 11].  Our  group has  initially  proposed a  novel
strategy  by  engineering  the  stable  and  high  catalytic  activity  of
electro-catalytic  catalysts  by  implanting  non-noble  metal  or
nonmetals  as “active  auxiliaries” into  the  Pt  based  metal
nanocrystals with HIFs. The strategy has been proved by using the
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metals (Mo or Ga) as active auxiliaries implanted onto the surface
of Pt3Mn exposed with HIFs to reach high electrocatalytic activity
and  stability  for  alcohols  oxidation  reaction  [5, 12].  The  metal
oxide  as  active  additive  has  attracted  considerable  attentions  in
enhancement  catalytic  performance  in  comparison  with  other
materials,  which  is  attributed  to  interfacial  effects  via  increasing
contact  area  between oxide and metals.  Taking into account  that
the  oxide-on-metal  catalysts  can  regulate  coordination
environment  and  surface  electronic  structure  by  interfacial
synergistic  effect,  thereby  influencing  catalytic  properties  [13, 14],
we  thus  envisaged  that  by  implanting  metal  oxide  as “an  active
auxiliary” into  the  near-surface  of  noble  metal  nanocrystals
exposed  with  HIFs  to  engineer  a  stable  structured  catalyst.  For
instance,  Xie  and  co-workers  [15]  reported  that  the  inverse
RuO2/Pd  catalyst  exhibited  extraordinary  ORR  performance  and
presented  attenuation  of  only  25.6%  initial  mass  activity  after
20,000 cycles. The amplified interface effect between RuO2 and Pd
nanosheets  accounts  for  the  enhanced  catalytic  performance  and
durability. Therefore, the oxide-metal catalysts exposed with HIFs
offer new inspirations for designing efficient and stable supported
electrocatalyst  by  strengthening  the  interfacial  effect.  Given  the
several dozens of papers now published on metal oxide modified
noble  metal  nanocrystals  with  low-index  facets,  no  attempt  has
been  tried  for  noble  metal  nanocrystals  bounded  with  HIFs
modified by implanting metal oxide as “an active auxiliary”.

Compared  with  other  metal  oxide  materials,  tin  oxide  (SnO2)
offers  significant  advantage  for  adsorption  and  dissociation  of
H2O as  well  as  oxidation  and elimination  of  intermediates  COads
on the surface of  catalysts  during the process  of  electrooxidation.
The  interfacial  effect  and  bifunctional  mechanism  between  SnO2
and  support  materials  can  enhance  the  electrooxidation
properties  [16–18].  For  example,  Sun  and  co-workers
documented that the synergistic effect between ordered Pt3Sn and
SnO2 could  enhance  the  catalytic  activity,  stability,  and  anti-
poisoning  ability  for  methanol  and  ethanol  oxidation
reactions  [16].  Regarding  interfacial  effect,  the  various  degrees  of
interfacial  contact  impose  a  profound  effect  on  catalytic
properties [17].  Wang’s group found that PdSn alloys are closely
contacted  with  SnO2 to  generate  massive  active  sites  (interfacial
contact),  which  accounts  for  excellent  catalytic  performance  for
formic  acid  oxidation  and  high  COads tolerance  in  PdSn-SnO2-
islands/C  catalyst.  Moreover,  the  dual-site  cascade  mechanism
occurred  on  the  SnOx/Pt-Cu-Ni  heterojunction  structure  during
the process of ORR. The former two steps take place on SnOx sites
(*OOH  and  *O  generation)  and  the  remaining  steps  occur  at
adjacent Pt sites to facilitate the ORR performance [18]. It should
be emphasized that although the decoration of SnO2 is an effective
approach for improving electrocatalytic properties,  few literatures

have been studied regarding the modification and stabilization the
HIF  structure  of  catalysts  via  oxide-metal  interfacial  synergism
effect.  It  is  therefore  of  great  significance  for  construction  the
catalysts  which  oxides  modified  the  structure  of  HIF  to  elevate
catalytic properties by interfacial synergistic effect.

Inspired  by  this,  the  SnO2/PtNi  catalysts  enclosed by  HIFs  are
designed  and  synthesized  by  integrating  hydrothermal  and  self-
assembly  methods,  as  illustrated  in Scheme  1.  Afterwards,  the
experimental  and  characterization  technologies  are  employed  to
investigate  the  interfacial  effect  and  the  relationship  of  structure-
performance of catalysts towards EGOR. The SnO2/PtNi catalysts
display the enhancement of catalytic activity, long-term durability,
and  COads anti-poisoning  for  EGOR  in  comparison  to  PtNi
concave  nanocubes  (CNCs)  and  commercial  Pt/C.  Particularly,
the  0.20%SnO2/PtNi  catalyst  exhibits  the  highest  activity  and
durability as well as the oxidation of intermediates of COads, which
is attributed to synergistic effect and optimized interfacial contact
between SnO2 and PtNi CNCs. Moreover, the experimental results
indicate that the low reaction activation energy during the process
of  EGOR  derives  from  the  synergistic  catalytic  effect  in
0.20%SnO2/PtNi catalyst. 

2    Experimental
 

2.1    Synthesis of PtNi CNCs
38 mg of glycine and 220 mg of polyvinyl pyrrolidone (PVP) were
mixed  with  the  aqueous  solution  containing  1  mL  H2PtCl6
(20 mM) and 4 mL NiCl2 (1.66 mM). After stirred and sonicated for
5  min,  the  homogeneous  solution  was  transferred  into  20  mL
Teflon-lined stainless-steel autoclave and heated to 200 °C for 6 h
under  sealed  conditions.  Then,  the  obtained  products  were
washed  and  centrifuged  several  times  by  the  mixture  solution  of
water and ethanol. 

2.2    Synthesis of ultrasmall SnO2 nanoparticles (NPs)
1  g  SnCl4 was  dissolved  into  mixed  solution  including  50  mL
distilled  water  and  0.5  g  triethylenediamine  (TEDA),  and  then
stirred  for  30  min.  Afterwards,  the  resulting  solution  was
transferred into 100 mL Teflon-lined stainless-steel autoclave and
maintained at  110 °C for approximately 40 h.  The final  products
were washed and centrifuged by water and ethanol. 

2.3    Synthesis of SnO2/PtNi catalyst with adjustable SnO2
loading
First, the PtNi CNCs were dispersed into 8 mL ethanol, then 4 mL
of  aqueous  solution  consisting  of  80  mg  PVP  was  injected  into
above solution and the mixture was stirred for 24 h. The obtained

 

Scheme 1    Illustration of the preparation of SnO2/PtNi catalysts.
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homogeneous  solution  was  centrifuged  several  times  and
dispersed  into  8  mL  water.  Subsequently,  3  mL  ethanol  solution
including  SnO2 composition  (30,  70,  and  134  μg)  was  dropped
into  the  PVP-PtNi  CNCs  solution  one  by  one.  The  mixture  was
stirred  for  24  h,  and  washed  and  centrifuged  with
ethanol/deionized water mixture (volume ratio of 1/1), then freeze-
dried at −50 °C. The obtained catalysts were xSnO2/PtNi, where x
refers to the weight fraction of SnO2. 

2.4    Electrochemical measurements
Ethylene glycol electro-oxidation experiments were carried out on
CHI  760E  electrochemistry  workstation.  The  glassy  carbon
electrode  (GCE,  3  nm  in  diameter),  saturated  calomel  electrode
(SCE), and the carbon rod were selected as the working, reference,
and  counter  electrodes,  respectively.  Before  the  experiments,  the
GCE  was  consecutively  polished  by  different  aluminum  oxide
power (0.3 and 0.05 μm Al2O3). Then, the catalysts ink containing
6  μg  catalyst  was  dropped  onto  the  surface  of  GCE.  In  order  to
remove  the  capping  agents,  the  electrodes  were  treated  under
ultraviolet  (UV)  lamp  for  overnight  before  the  electrochemical
test. Successively, 2 μL of 0.05 wt.% Nafion in ethanol was covered
on  the  surface  of  electrodes  and  dried  under  infrared  (IR)  lamp.
The  cyclic  voltammetry  (CV)  measurements  were  performed  to
estimate  the  electrochemical  active  surface  area  (ECSA)  in  N2-
saturated  0.1  M  HClO4 electrolyte  at  the  range  of  −0.26–0.70  V
(vs.  SCE)  with  a  sweep  rate  of  50  mV/s.  The  ECSA  values  were
calculated  by  measuring  the  underpotential  deposited  hydrogen
(Hupd)  area.  The  ethylene  glycol  electro-chemical  oxidation
reaction  was  conducted  in  mixed  solution  of  0.1  M  HClO4 and
0.5  M  ethylene  glycol  (N2-saturated)  with  the  potential  scanned
from −0.26 to 0.94 V (SCE) at a scan rate of 50 mV/s. The stability
and  long-term  durability  of  catalysts  were  evaluated  by
chronoamperometry at 0.4 V (vs. SCE) and consecutive CV cycles
in  0.1  M  HClO4 solution  containing  0.5  M  ethylene  glycol,
respectively.  With  regarding  to  CO  stripping  tests,  the  electrode
with  loaded  catalyst  was  immersed  into  0.1  M HClO4 electrolyte
with  CO  for  a  certain  time.  The  non-adsorbed  CO  species  in
solution  was  removed  by  bubbling  N2.  The  potential  (ESCE)  was
converted  to  the  reversible  hydrogen  electrode  (ERHE)  based  on
equation: ERHE = ESCE + 0.0591 pH + 0.24 V. 

3    Results and discussion
 

3.1    Catalyst characterization
The  morphology  and  structure  of  as-prepared  PtNi  CNCs  and
SnO2/PtNi  catalysts  with  different  SnO2 loading  were  manifested
by transmission electron microscopy (TEM), as illustrated in Fig.
1,  and  Figs.  S4  and  S5  in  the  Electronic  Supplementary  Material
(ESM). As it can be seen from Figs. 1(a)–1(c), the PtNi alloys are
endowed  with  concave  structure  with  an  average  apex-to-apex
length of  37.2 ± 5.8 nm. Based on the [001] direction of  selected
area  electron  diffraction  (SAED)  (Fig. 1(d)),  the  angles  between
crystal  facets  of  PtNi  were  measured  to  be  approximately  9.5°,
11.3°, 14.0°, and 15.9°, which were just in coincidence with {610},
{510}, {410}, and {720} high-index facets of Pt (Figs. S1 and S2 in
the  ESM),  respectively  [19, 20].  The  result  demonstrates  the
formation  of  HIFs  on  the  surface  of  PtNi  CNCs.  Notably,  the
interplanar fringe spacing in corresponding high-resolution TEM
(HRTEM)  image  (Fig. 1(e))  is  ca.  0.199  nm,  which  is  associated
with  the  (200)  facet  of  face-centered  cubic  (fcc)  Pt  [21].  The
elemental  mapping  of  PtNi  CNCs  suggests  that  the  Pt  and  Ni
elements are evenly dispersed across the nanoparticles. Moreover,
the SAED pattern of PtNi CNCs (Fig. 1(f)) shows diffraction rings
that correspond to (100) and (110) facets. The SnO2/PtNi catalysts

with  different  SnO2 composition were  prepared via  self-assembly
process.  As  shown  in Fig. S3  in  the  ESM,  the  obtained  SnO2
nanoparticles are spherical with an average diameter 3.0 ± 0.5 nm,
which  is  ascribed  to  the  stabilization  and  coordinative  saturation
of  TEDA  molecules  during  the  hydrothermal  reaction  [22].  The
TEM  images  of  0.08%SnO2/PtNi,  0.20%SnO2/PtNi,  and
0.35%SnO2/PtNi CNCs are illustrated in Figs. 1(g)–1(k), and Figs.
S4  and  S5  in  the  ESM,  respectively.  The  average  lengths  of
0.08%SnO2/PtNi,  0.20%SnO2/PtNi,  and  0.35%SnO2/PtNi  CNCs
are  measured  to  be  38.6  ±  4.3,  41.2  ±  6.8,  and  48.2  ±  6.5  nm,
respectively.  The results show that the average size of nano-cubic
increases  with  the  addition  of  SnO2 composition,  which  in  turn
proves the successful preparation of catalyst. For 0.20%SnO2/PtNi
catalyst,  every  PtNi  CNC  is  closely  surrounded  by  multiple  tiny
SnO2 NPs, indicating the formation of interface between SnO2 and
PtNi  CNCs,  as  shown  in Fig. 1(i).  For  0.35%SnO2/PtNi,  massive
SnO2 NPs are accumulated and occupied on the surface of PtNi to
form  larger  particle,  thereby  reducing  the  exposure  of  interfacial
active  sites  (Figs.  S5(a)–S5(c)  in  the  ESM).  For  0.20%SnO2/PtNi
catalyst,  the  apparent  lattice  fringe  with  spacing  of  0.203  nm  is
associated with Pt (200) facet, while the interplanar spacings about
0.174,  0.234,  and  0.338  nm  agreed  with  (211),  (200),  and  (110)
planes of SnO2,  respectively. The result corroborates the presence
of SnO2 and the successful modification of SnO2 on PtNi [23, 24].
As  shown  in Figs.  1(i3) and 1(i4),  there  is  an  obvious  interfacial
region of  lattice  fringes  between PtNi  and SnO2,  which gives  rise
to  the  interfacial  synergy  effect  to  facilitate  the  electron  transfer
and catalytic performance for EGOR [25, 26]. From the results of
facets  angle  calculations,  the  morphology  of  concave  nano-cubic
and surface structure of HIFs can be retained after the decoration
with different SnO2 loading (Fig. S6 in the ESM). Both Sn and O
elements  are  distributed  homogeneously  throughout  the  entire
nanoparticles in SnO2/PtNi catalysts with different SnO2 (Fig. 1(k),
and  Figs.  S4(e)  and  S5(f)  in  the  ESM),  which  confirms  the
successful decoration of SnO2.

The  crystalline  structure  of  as-fabricated  SnO2,  PtNi,  and
SnO2/PtNi  catalysts  with  different  SnO2 composition  has  been
characterized by the X-ray diffraction (XRD). As presented in Fig.
S7(a)  in  the  ESM,  the  distinctive  diffraction  peaks  positions  at
26.6°, 33.5°, 38.3°, 51.8°, and 64.9° are associated with (110), (101),
(111),  (211),  and  (112)  planes  of  SnO2 (JCPDS  No.  41-1445),
respectively [22, 25, 27]. The broad diffraction peaks suggest SnO2
NPs  with  smaller  size,  which  is  in  accordance  with  HRTEM
observation. Additionally, there is no obviously diffraction peak of
SnO2 on SnO2/PtNi  catalyst  owing to  the  smaller  size  or  the  low
loading  of  SnO2.  As  shown  in Fig. 2(a),  the  diffraction  peaks  of
PtNi and SnO2/PtNi catalysts are attributed to (111), (200), (220),
and (311) planes [28]. Compared with pure fcc Pt (JCPDS No. 04-
0802),  the  diffraction  peaks  positively  shift  indicating  that  the
lattice strain results  from the incorporation of  Ni into Pt  in PtNi
CNC  catalyst  [29].  The  SnO2/PtNi  catalysts  with  different  SnO2
decoration showed different degrees of  negatively shift  compared
to PtNi, suggesting that the lattice fringe of Pt was modified after
SnO2 decoration  (Fig. S7(b)  and  Table  S2  in  the  ESM),  which  is
consistent  with  the  result  of  HRTEM.  X-ray  photoelectron
spectroscopy (XPS) was applied to investigate the surface chemical
states,  surface  composition,  and  electron  interaction  among
various elements of as-prepared catalysts. The XPS survey spectra
confirm the coexistence of Pt, Ni, Sn, and O elements in catalysts
(Fig. S7(c)  in  the  ESM),  which  is  in  accordance  with  the  above
element mapping results. As indicated in Fig. 2(b), the XPS spectra
of Pt 4f can be deconvoluted into two group peaks corresponding
to metallic Pt0 and oxidized species of Pt2+. The metallic state of Pt
accounts for the vast majority in surface structure, whereas only a
small proportion of Pt with oxidized state originates from the Pt-
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O  layer.  For  PtNi  catalyst,  the  peak  at  70.21  eV  shows  negative
shift  of  0.69  eV  in  comparison  to  pure  metallic  Pt  (70.90  eV),
indicating  that  the  incorporation  of  Ni  into  Pt  can  modify  the
electronic structure [30].

For  SnO2/PtNi  with  different  SnO2 composition,  the  binding
energy  of  Pt  4f7/2 is  up-shift  about  0.28,  0.29,  and  0.06  eV,
revealing  that  the  electrons  transfer  between  Pt  and  the  interface

SnO2/PtNi  [15].  For  XPS  spectra  of  Ni  2p,  the  signal  is  quite
weaker in SnO2/PtNi than that of PtNi catalyst, which is attributed
to the coverage of  SnO2 on the surface of  PtNi.  Additionally,  the
Sn 3d peaks are deconvoluted into two symmetrical peaks at about
486.57 and 495.02 eV in SnO2/PtNi  catalysts  with different  SnO2
composition corresponding to the Sn4+ 3d5/2 and Sn4+ 3d3/2 of SnO2,
respectively  [31, 32].  In  contrast,  the  binding  energy  of  Sn  3d5/2

 

Figure 1    (a)–(c) TEM images, (d) and (e) HRTEM images, and (f) high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image
and the corresponding elemental mapping images of PtNi CNCs. (g)–(i) TEM images of 0.20%SnO2/PtNi, (i1) and (i2) enlarged views of the catalyst edge, and (i3) and
(i4) the interface of SnO2 and PtNi. (j) HAADF-STEM image and (k) the corresponding elemental mapping images of 0.20%SnO2/PtNi catalyst.
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peaks  in  0.08%SnO2/PtNi  (486.69  eV),  0.20%SnO2/PtNi
(486.57 eV), and 0.35%SnO2/PtNi (486.46 eV) was slightly shifted
to lower energy than the pure SnO2 (487.3 eV), suggesting that the
interfacial  interaction  and  electronic  transfer  exist  in  SnO2 and
PtNi [33]. Besides, the O 1s peaks are observed at the positions of
531.2  and  532.9  eV  (Fig. 2(e))  attributable  to  the  lattice  oxygen
(O2−)  and  interfacial  oxygen  (O2),  respectively  [25].  With  the
increment of SnO2 composition, the content of interfacial oxygen
(O2)  shows  growing  tendency,  implying  the  formation  of
interfacial interactions between PtNi and SnO2 from the electrons
transfer,  as  shown  in Fig. S8  in  the  ESM.  In  order  to  further
confirm the interfacial interaction, the ultraviolet–visible (UV–vis)
adsorption  spectra  of  SnO2,  PtNi,  and  SnO2/PtNi  catalysts  are
recorded  in Fig. 2(f).  Notably,  the  SnO2 NPs,  PtNi  CNCs,  and
SnO2/PtNi  catalyst  possess  distinguishable  adsorption  peaks
occurring in the region of 200−500 nm. As illustrated in Fig. 2(f),
the  strong  adsorption  peak  of  SnO2 NPs  is  located  around  at
243  nm,  while  the  broad  adsorption  peaks  ranging  from  200  to
300  nm  are  ascribed  to  PtNi  [34–36].  For  SnO2/PtNi  catalyst,  it
can be found the corresponding adsorption peaks are slightly red
shifted  to  250  and  293  nm,  which  is  assigned  to  the  interfacial

electron  coupling  and  transferring  as  well  as  strong  interaction
between SnO2 and PtNi [35, 36]. 

3.2    Electrochemical performance
In  order  to  systematically  evaluate  the  correlation  of
electrocatalytic  properties  with  structure,  the  PtNi  CNCs  and
SnO2/PtNi  catalysts  with  different  SnO2 composition  were
explored  as  electrocatalysts  towards  EGOR,  and  then  compared
with  commercial  Pt/C  in  catalytic  activity,  durability,  and  COads
anti-poisoning ability. As shown in Fig. 3(a), the CVs were carried
out in N2-saturated 0.1 M HClO4 electrolyte to measure the ECSA
which was a significant parameter to assess the catalytic property
on  basis  of  the  hydrogen  adsorption/desorption  regions.  From
Table  S3  in  the  ESM,  it  is  noticeable  that  the  0.20%SnO2/PtNi
catalyst exhibits an ECSA value of 22.2 m2/g, which is much larger
than  those  of  0.08%SnO2/PtNi  (14.8  m2/g),  0.35%SnO2/PtNi
(7.4  m2/g),  and  PtNi  (6.6  m2/g).  For  SnO2/PtNi  catalyst,  the
presence  of  SnO2 can  inhibit  the  Pt  atom  migration  and
aggregation  and  the  passivation  of  Pt  sites  deriving  from  the
adsorption of  hydroxyl  group [5].  Therefore,  the SnO2/PtNi with
different  SnO2 loading  exhibited  larger  ECSA  values  in

 

Figure 2    (a) XRD patterns of PtNi and SnO2/PtNi with different SnO2 composition. XPS spectra of (b) Pt 4f, (c) Ni 2p, (d) Sn 3d, and (e) O 1s in as-prepared catalyst.
(f) UV–vis adsorption spectra of SnO2, PtNi, and SnO2/PtNi catalysts.
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comparison  with  PtNi  catalyst.  The  result  indicates  that  the
0.20%SnO2/PtNi  catalyst  with  larger  ECSA  allows  for  providing
more  catalytically  active  sites  and  enhances  intrinsic  activity
towards  EGOR,  owing  to  the  optimized  interfacial  synergistic
interaction  between  ultra-small  SnO2 NPs  and  PtNi  CNCs.  The
electrocatalytic  activity  of  as-prepared  catalysts  and  commercial
Pt/C was examined in 0.1 M HClO4 electrolyte containing 0.5 M
EG with a sweep of 50 mV/s, as shown in Fig. 3(b). Two distinct
peaks are  clearly  observed in the process  of  EGOR. The stronger
oxidation peak in positive scan is ascribed to the oxidation of EG,
while  the  weaker  peak  from  negative  sweep  is  corresponding  to
the removal of carbonaceous intermediates [37]. Figure 3(c) shows
that  the  specific  activities  of  0.08%SnO2/PtNi,  0.20%SnO2/PtNi,
and 0.35%SnO2/PtNi  are  2.73,  3.06,  and 2.42 mA/cm2,  which are
1.61,  1.80,  and  1.42  times  than  that  of  PtNi  catalysts (1.70
mA/cm2),  respectively.  Specifically,  the  optimal  0.20%SnO2/PtNi
achieves high specific activity,  exceeding that of commercial  Pt/C
by 6.2 times. Meanwhile, the 0.20%SnO2/PtNi catalyst also exhibits
excellent mass activity of 675 mA/mgPt, which is superior than that
of  PtNi  (112  mA/mgPt),  indicating  that  the  optimized  interfacial
synergistic  effect  is  conductive  to  enhance  the  catalytic
performance.  The  results  of  catalytic  activity  are  consistent  with
ECSA  trendy.  The  0.20%SnO2/PtNi  catalyst  displays  exceptional

specific and mass activities originating from the following aspects.
Firstly, the presence of SnO2 NPs is conductive to the adsorption
and dissociation of H2O, thus providing the sites of adsorbed OH
species  and  facilitating  the  oxidation/deposition  of  COads
intermediates  on  the  surface  of  catalysts  [16].  More  importantly,
the  amplified  synergetic  effect  between  SnO2 and  PtNi  can
produce strong interaction, which further optimizes the electronic
structure  of  Pt  and  enhances  the  electrocatalytic  properties  for
EGOR [12, 25].

In  addition  to  catalytic  activity,  the  stability  and  long-term
durability are considered as vital factors for assessing the catalysts
in the practical application. The stability of as-made catalysts and
Pt/C  towards  EGOR  was  evaluated  by  chronoamperometric
measurements in 0.1 M HClO4 with 0.5 M EG at 0.7 V vs. RHE.
For  different  electrocatalysts,  the  current  densities  displayed  the
decline  trend  gradually  as  the  continuous  reaction  (Fig. 3(e))
owing  to  the  accumulation  of  poisoning  intermediates.  After
6,000  s,  the  0.20%SnO2/PtNi  catalyst  displayed  the  least  decay  of
current  density  in  comparison  with  other  catalysts.  Besides,  the
long-term  durability  of  catalysts  was  further  tested  by  applying
consecutive  potential  cycles  with  a  sweep  of  50  mV/s  in  0.1  M
HClO4 solution  containing  0.5  M  EG.  As  shown  in Fig. 3(f),  the
0.20%SnO2/PtNi  catalyst  can  remain  91.6%  of  its  initial  activity

 

Figure 3    The cyclic curves of PtNi, 0.08%SnO2/PtNi, 0.20%SnO2/PtNi, 0.35%SnO2/PtNi, and Pt/C catalysts in (a) 0.1 M HClO4 solution and (b) 0.1 M HClO4 with
0.5 M EG solution at scan of 50 mV/s. (c) The specific activity and (d) mass activity of different catalysts. (e) Current–time curves recorded at 0.7 V vs. RHE and (f) the
durability comparison of as-prepared catalysts and Pt/C after 1,000 cycles.
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after  1,000  cycles,  much  higher  than  those  of  PtNi  (78.7%)  and
commercial  Pt/C  catalyst  (41.2%),  suggesting  that  the  decoration
of SnO2 can greatly improve the durability of catalysts. The results
indicated  that  the  strong  interaction  resulting  from  interfacial
effect  between  SnO2 and  PtNi  can  not  only  immobilize  and
stabilize  the  surface  structure  of  HIFs  but  also  further  enhance
durability  of  catalysts.  More  importantly,  the  decoration  of  SnO2
on  the  surface  of  PtNi  can  prevent  Pt  agglomeration  and
passivation of Pt sites, thereby increasing the exposure of Pt active
sites  and  improving  the  catalytic  performance  [5, 38].
Furthermore,  the  optimized  0.20%SnO2/PtNi  catalyst  displays
excellent catalytic performance and durability for EGOR, which is
much better than previously reported electrocatalysts (Table S5 in
the ESM).

During  the  process  of  alcohol  electrooxidation,  the  strong
affinity  between  intermediates  COads and  Pt  active  sites  can
deactivate the catalysts, so the anti-poisoning ability of COads is an
important  criterion  to  evaluate  the  catalytic  performance  of
catalysts.  The  CO  stripping  experiments  are  carried  out  in  N2-
saturated  0.1  M  HClO4 electrolyte  to  identify  the  anti-CO
poisoning ability of catalysts, as shown in Fig. S9 in the ESM. The
onset  and  peak  potentials  of  CO  oxidation  on  as-prepared
catalysts and commercial Pt/C are displayed in Figs. 4(a) and 4(b),
and  Table  S4  in  the  ESM.  As  shown  in Fig. 4(a),  the  onset
potential  of  CO  oxidation  on  PtNi  (0.638  V  vs.  RHE)  located  at
more negative position about 89 mV than that of Pt/C (0.727 V vs.
RHE), reflecting that the incorporation of Ni into the Pt lattice can
cause alloy effect which allows the oxidation of CO at relative low
potentials.  Compared  with  PtNi  CNCs,  the  0.20%SnO2/PtNi
catalyst  displays  more  negative  onset  potential  of  CO  oxidation
(0.580  V  vs.  RHE),  which  can  be  ascribed  to  the  interfacial
synergistic  effect  between  SnO2 and  PtNi.  Besides,  the  peak
potential  of  0.20%SnO2/PtNi  catalyst  shows  the  negative  shift  of
40 mV compared with Pt/C (Fig. 4(b)). These results demonstrate
that the addition of SnO2 on the surface of PtNi is more favorable
to expose more Pt active sites and remove the intermediate COads,
further  enhance  the  tolerance  of  COads poisoning  [31, 39].

Moreover,  the  SnO2/PtNi  catalysts  with  adjustable  SnO2 loading
show  multi-peaks  for  CO  oxidation  while  the  commercial  Pt/C
suggests  only  one  oxidation  peak,  indicating  the  formation  of
multi-active  sites  for  CO  oxidation  on  the  surface  of  SnO2/PtNi
catalysts.  To  further  confirm  the  reactivity  and  superior
electrocatalytic  performance  for  EGOR  on  as-prepared  catalysts
and Pt/C, the study of kinetic was performed at different reaction
temperatures.  As  indicated  in Fig. S10  in  the  ESM,  it  can  be
observed  that  the  peak  current  densities  became  larger  with  the
increment  of  reaction  temperature.  The  apparent  activation
energy  (Ea)  is  calculated  via  the  Arrhenius  formula,  which  is
evaluated  by  the  linear  regression  between  the  reciprocal  of
temperature versus the log value of current density (Figs. 4(c) and
4(d))  [20, 40].  The Ea values  for  EGOR  on  Pt/C,  PtNi,
0.08%SnO2/PtNi,  0.20%SnO2/PtNi,  and 0.35%SnO2/PtNi catalysts
are  36.1,  25.5,  23.3,  21.4,  and  24.8  kJ/mol,  respectively.  The
0.20%SnO2/PtNi displayed the lowest Ea value among all catalysts,
suggesting  that  the  addition  of  SnO2 is  conductive  to  efficient
ethylene glycol activation and optimized EGOR kinetics as well as
accounting  for  improvement  of  electrocatalytic  activity.  The
results  clearly  implied  that  the  strong  interaction  deriving  from
interfacial synergism effect between ultra-small SnO2 and PtNi in
0.20%SnO2/PtNi  catalyst  was  prone  to  decreasing  reaction
activation energy and accelerating electrooxidation kinetics. 

3.3    Structure–activity relationship of catalysts
In accordance with the above viewpoint of all experimental results,
the  exceptional  catalytic  activity,  durability,  and  CO  anti-
poisoning  ability  of  SnO2/PtNi  catalyst  with  different  SnO2
composition  towards  EGOR  could  be  attributed  to  following
several  aspects.  (i)  The SnO2/PtNi  with  HIFs  exhibited  enhanced
catalytic  properties  in  comparison  to  Pt/C  catalyst,  which  is
attributed  to  the  undercoordinated  surface  atoms  from  HIFs
resulting  in  exposure  more  Pt  active  sites  [41–44].  (ii)  The
presence  of  SnO2 at  the  surface  of  PtNi  can  inhibit  the  Pt  atom
migration  and  aggregation  caused  by  dissolution  of  transition
metal  in  electrolyte  as  well  as  the  passivation  of  Pt  sites  deriving

 

Figure 4    (a) The onset and (b) peak potentials of CO oxidation on Pt/C, PtNi, 0.08%SnO2/PtNi, 0.20%SnO2/PtNi, and 0.35%SnO2/PtNi catalysts. (c) The Arrhenius
curves and (d) the apparent activation energy of different catalysts.
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from  the  adsorption  of  hydroxyl  group  [5, 39, 45].  (iii)  The
interactions  from  interfacial  synergistic  effect  in  SnO2/PtNi  can
modify and stabilize the electronic structure of surface, and further
ameliorate  the  stability  and  durability  of  catalyst  [46, 47].  For
EGOR, the SnO2/PtNi showed two possible  active sites  including
SnO2 sites  and  Pt  active  sites.  The  0.20%SnO2/PtNi  catalyst  with
optimal  SnO2 composition  displays  optimal  distance  between  Pt
active sites and SnO2 NPs, which is favorable for the oxidation and
detachment  of  COads on  the  adjacent  Pt  active  sites.  When
excessive  SnO2 is  introduced in this  system,  the  ultrafine  SnO2 is
aggregated  into  larger  particle  on  the  surface  of  PtNi  owing  to
high surface  energy,  as  shown in Fig. S11 in  the  ESM. The more
sufficient SnO2 on the surface of PtNi may produce blockage effect
or  form  stronger  binding  with  adsorbed  OH  species  to  difficult
release,  which  in  turn  affects  the  oxidation  of  CO  and  catalytic
activity  [45].  More  importantly,  the  experimental  kinetic  result
indicated  that  the  0.20%SnO2/PtNi  catalyst  with  optimized
interface  synergistic  effect  displayed  lower  activation  energy

barrier during the process of EGOR, which further accelerates the
oxidation of ethylene glycol [48–50]. The previous literatures [51,
52]  reported  that  the  electrooxidation  reaction  of  ethylene  glycol
involves  complete  oxidation  and  incomplete  oxidation,  the
detailed pathway and electronic  transfer  process  are  illustrated in
Fig. S12 in the ESM. The necessity of excess activation energies is
used  for  the  scission  of  C–C bond and  C–H bond by  delivering
electrons in oxidation pathway to produce CO2 and numerous of
C2 species (glycolaldehyde, glyoxal, and glycolic acid) [53–55]. It is
generally  reported  that  the  ability  of  anti-poisoning  of  COads
intermediates  is  key  descriptor  to  estimate  the  catalytic  property
[56, 57]. Figure  5 showed  the  proposed  schematic  illustration  of
electrooxidation of ethylene glycol on SnO2/PtNi catalyst interface.
The  modification  of  SnO2 on  the  surface  of  PtNi  produces  the
active  interface  which  accounts  for  the  superior  catalytic
performance  by  strong  interaction  from  interfacial  synergistic
effect.

 
 

Figure 5    The schematic illustration for enhancement EGOR performance on the interface of SnO2/PtNi catalyst.
 
 

4    Conclusions
In  summary,  the  SnO2/PtNi  catalysts  enclosed  by  HIFs  with
adjustable  SnO2 composition  were  designed  via  integration
hydrothermal  method  with  self-assembly  approach  for  high-
efficiency  EGOR  electrocatalysis.  The  presented  SnO2/PtNi
catalysts  show  the  strong  interfacial  synergistic  interactions  via
electron transfer for drastically boosting electrocatalytic properties.
Experimental  results  have  verified  that  the  0.20%SnO2/PtNi
catalyst  displays  outstanding  electroactivity  towards  EGOR  in
comparison  with  PtNi  CNCs  and  commercial  Pt/C  catalyst,
including  exceptional  specific/mass  activities,  excellent  long-term
durability, and strong resistance to CO toxicity. The kinetic study
demonstrates that the interfacial effect between SnO2 and PtNi can
degrade  the  apparent  activation-energy  during  the  process  of
EGOR.  Therefore,  the  SnO2/PtNi  catalysts  integrate
undercoordinated  active  sites  and  strong  interfacial  synergistic
interaction,  which  are  responsible  for  the  superior  catalytic
performance  towards  EGOR.  It  is  expected  that  this  study  will
afford  a  potential  strategy  to  design  high-efficient  electrocatalysts
in the future.
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