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ORIGINAL ARTICLE

Highly Dispersed Pt Nanoparticles Root in
Single-Atom Fe Sites in LDHs toward Efficient
Methanol Oxidation

Qing-Cheng Meng **, Lin-Bo Jin **, Meng-Ze Ma ?, Xue-Qing Gao °, Ai-Bing Chen "*,
Dao-Jin Zhou **, Xiao-Ming Sun **

? State Key Laboratory of Chemical Resource Engineering, Beijing Advanced Innovation Center for Soft Matter Science and
Engineering, Beijing University of Chemical Technology, Beijing, 100029, China
P College of Chemical and Pharmaceutical Engineering, Hebei University of Science and Technology, Shijiazhuang, 050018, China

Abstract

Active and durable electrocatalysts for methanol oxidation reaction are of critical importance to the commercial
viability of direct methanol fuel cell, which has already attracted growing popularities. However, current methanol
oxidation electrocatalysts fall far short of expectations and suffer from excessive use of noble metal, mediocre activity,
and rapid decay. Here we report the Pt anchored on NiFe-LDHs surface hybrid for stable methanol oxidation in
alkaline media. Based on the high intrinsic methanol oxidation activity of Pt nanoparticles, the substrates NiFe-LDHs
further enhanced anti-poisoning ability and maintained unaffected stability after 200,000 s cycle test compared to
commercial Pt/C catalyst. The use of NiFe-LDHs is believed to play the decisive role to evenly disperse Pt nano-
particles on their surface using single atomic dispersed Fe as anchoring sites, making full use of abundant OH groups
and subsequent facilitating the oxidative removal of carbonaceous poison on neighboring Pt sites. This work high-
lights the specialty of NiFe-LDHs in improving the overall efficiency of methanol oxidation reaction.

Keywords: Layered double hydroxides; Methanol oxidation; Single-atom; Pt electrocatalysts

1. Introduction overpotential [7—9]), unaffordable cost associated
with  precious metal electrocatalysts (for
example, Pt) and low operation durability of the

Growing concerns regarding the climate change ° -
anode operation [10—12] (carbonaceous species

and regional energy disputes have arouse attention as X . ‘
worldwide in finding renewable and clean energy ~ Poisoning). In consideration of high cost and
to ensure the sustainable development of society ~ SCarcity, exposing more accessible surface area by
[1,2]. Direct methanol fuel cells (DMFCs) have long reducing size of 'Pt 15 an essential a'nd‘ a .dlrect
been considered as a promising power conversion ~ approach for achlevmg. tl}e commex:qah;ahon of
tool by virtue of their higher energy-conversion DMFCs, however, the hmlted.durabmty 18 alv'vays
rate, wide working temperature range, no pollu- observed due to.the‘aggregatlon of nanoparticles
tion emissions, portability and safety of raw ma-  (NPs) or the poisoning of noble metals [13-16].
terials [3—6]. However, it is still challenging to  Hlence, desirable supporting materltals with large
realize the mass commercialization, mainly origi- surface area that can anchor and d1sperse. t}}e Pt
nating from high overpotential at an anode (where ~ NPS are necessary to be dev'eloped and optlrr.u.zed.
methanol is oxidized, requiring hundreds of mV as In recent years, many materials have been utilized
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as supporting materials for loading of Pt-based
nanocatalysts, including metal oxides and nano-
carbon materials [11,17—19], while only limited
improvements in durability have been achieved so
far, presumably due to the limited capability of the
supports to assist in the oxidative removal of CO
on adjacent Pt sites, and the weak interaction be-
tween Pt and supports fails preventing the aggre-
gation of Pt during methanol oxidation [20—22].

In seeking optimal supports, which can anchor
and stabilize the noble metal NPs, and facilitate
the removal of CO during methanol oxidation on
noble metal NPs, two-dimensional metal hy-
droxides have been intensively investigated. On
the one hand, the metal hydroxides possess high
specific surface area and rich sites for noble metal
anchoring, on the other hand, the metal hydrox-
ides shall supply abundant OH during methanol
oxidation to benefit the oxidation of CO [23—25].
For example, Li and Cai et al. successively re-
ported the use of Ni(OH), to disperse Pt and Pd
NPs for methanol oxidation, showing enlarged
electrochemical surface area and excellent work-
ing stability, which have proven to improve the
overall methanol oxidation efficiency [11]. While
the combination of noble metal with metal hy-
droxides is attracting and proving effective in
methanol oxidation, further advancements such
as facilitating the generation of OH,45 to improve
the intrinsic activity and selectivity, achieving
high dispersion of noble metals via strong sup-
port-metal interaction, are still vacant based on
unitary metal hydroxides. Layered double hy-
droxides (LDHs), in which partial M?" jons in
laminates are replaced by M>" ions via isomor-
phous substitution, while all the M>" will be iso-
lated from each other by electrostatic repulsion
force, have shown potential in addressing above
problems [26,27]. Firstly, fast generation of OH,4,,
which can be used to oxidize adsorbed in-
termediates of methanol oxidation, on LDHs can
be facilitated via compositional modulation, this
process has already shown in oxygen evolution
reaction [28—31]. Secondly, the partial substitu-
tion of M*" by M>" results in unbalanced charge
configuration, which will directionally adsorb
noble metal precursors to specific sites and form
strong electrostatic attraction interaction between
M3*—O(H)—Pt [32], resulting in the uniformly
dispersed and stable decoration of anchored
noble metal. Thirdly, OH™ transfer is favorable on
LDHs with large surface area (generally over
120 m?- g_l), which can relive the local pH evo-
lution around the surface of electrode and protect
the electrode from reconstruction, especially at
high current density [32,33].

In this work, Pt NPs with acknowledged meth-
anol oxidation activity and NiFe-LDHs with
excellent OH,4s generation capability are com-
bined together by a two-step synthetic process, in
which the single-atomic dispersed Fe’' ions in
LDHs laminates serve as anchoring sites for Pt
precursors, ensuring the highly dispersion of Pt.
Electrochemical characterizations for activity,
selectivity and stability jointly confirm the positive
effect from NiFe-LDHs in facilitating methanol
oxidation, avoiding CO poison or Pt aggregation
by showing the onset potential at —0.64 V vs. SCE
and no obvious decay after the cycle test for
200,000 s. This work shall inspire the deep under-
standing in characteristic of LDHs, and optimiza-
tion of LDHs with noble metal NPs toward efficient
methanol oxidation.

2. Results and discussion

The Pt/NiFe-LDHs electrocatalysts were synthe-
sized by an electrostatic interaction-based self-as-
sembly strategy, which is illustrated in Fig. 1.
Firstly, the NiFe-LDHs nanosheets were synthe-
sized by co-precipitation method. After adding
H,PtClg into LDHs suspensions (LDHs nanosheets
were dispersed and stirred for over 72 h), PtCI12~/
LDHs composite was formed as a result of the
electrostatic attraction between PtCI2~ and LDHs
nanosheets, as shown in Fig. 1. Finally, the addition
of sodium borohydride reduced the PtCI /NiFe-
LDHs hybrids to Pt/NiFe-LDHs hybrids [34]. A low
concentration of H" plays two roles: firstly, H" can
react with surface OH groups to open unsaturated
coordinated Fe sites for PtCl3~ adsorption; sec-
ondly, H" would controllably etch (by the modu-
lation of H,PtClg addition) LDHs nanosheets to
induce defective metal hydroxides nanostructure
in the Pt/NiFe-LDHs hybrids. These defects are
also believed to play a decisive role in promoting
the transformation from adsorbed OH™ species
to OH,4s at applied potentials and subsequent
oxidative removal of carbonaceous poison on
neighboring Pt sites [35,36].

The morphology and nanostructure of NiFe-
LDHs were characterized by scanning electron
microscopy (SEM, Figure S1) and transmission
electron microscopy (TEM, Figure S2). It can be
observed that the NiFe-LDHs have a flake-like
morphology with lateral sizes in a range of
50—100 nm. XRD patterns of NiFe-LDHs are
shown in Figure S3. The diffraction peaks at
20 = 11.4°, 23.0°, 34.4°, 39.0°, 46.0°, 59.9°and 61.3°
are attributed to the (003), (006), (012), (015), (018),
(110) and (113) planes, which are in accordance
with that reported in the earlier literatures [37].
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Fig. 1. Schematic illustration showing the preparation process of the Pt/NiFe-LDHs.

Fig. 2a and b shows the TEM images of Pt/NiFe-
LDHs and commercial Pt/C, respectively. Notably,
the Pt NPs loaded on NiFe-LDHs nanosheets show
high uniformity and smaller particle size
compared with the Pt on carbon support, high-
lighting that the electrostatic interaction between
Pt NPs and single-atomic dispersed Fe*" in LDHs
laminates makes a real difference in dispersing
the Pt NPs, and by the first-principles calculations
(Figure S4) we confirm that the adsorption energy
of Pt on Fe*" sites (Pt—O—Fe3") is lowered than
that on Ni*" sites (Pt—O—Ni*"). The high-resolu-
tion TEM (HR-TEM) images exhibit an interplanar
spacing of 0.22 nm and 0.25 nm for the (111) plane
of the Pt NPs and (012) plane of the LDHs,

a

respectively (Fig. 2c). The XRD patterns of Pt/NiFe-
LDHs electrocatalyst are presented in Fig. 2d and
S5, and the diffraction peaks locate at 26 values of
39.8°, 46.2° and 67.5°, corresponding to (111), (200)
and (220) planes, respectively, of a pure face-
centered cubic structure of Pt [38]. Similar LDHs
diffraction peaks prove that the crystalline struc-
ture of NiFe-LDHs has not been altered upon Ni:
Fe ratios or the deposition of Pt NPs, which can
also be observed from the SEM images in
Figure S6, confirming the successful synthesis of
the Pt/NiFe-LDHs electrocatalysts.

Cyclic voltammetry (CV) was used to study the
electrochemical performance of the electrocatalysts
in MOR. Data in Fig. 3a display an intense anodic
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Fig. 2. TEM images of (a) the Pt/NiFe-LDHs and (b) the commercial Pt/C, (c) HRTEM image and (d) XRD patterns of the Pt/NiFe-LDHs.
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peak in the forward scan and a minor anodic peak
in the reverse scan. The anodic peak in the forward
scan is ascribed to the oxidation of methanol to
CO,, while another one in the reverse scan is
ascribed to the oxidized removal of the CO and
other carbonaceous species generated on Pt in the
forward scan [39]. In addition, the ratio of forward-
to-backward oxidation current, I¢/I,, is an impor-
tant parameter evaluating the electrocatalyst
tolerance to CO and other poisoning carbonaceous
species. A higher value demonstrates that the
oxidative removal of the poisoning carbonaceous
species on the electrocatalyst surface is more
favorable. Fig. 3a and b study and compare the
methanol oxidation reaction (MOR) activity and
selectivity of Pt/NiFe-LDHs with different Ni:Fe
ratios, from which a conclusion can be brought that
the Pt/Ni;Fe;-LDHs have the best electrocatalytic
ability on MOR according to the exceptional
current (3.41 mA), high I/I,, (2.84) and low onset
potential (—0.64 V vs. SCE). Since OH,q4s species
are both actively involved in MOR and oxygen
evolution, the results in this work agree with pre-
vious research that NizFe;-LDHs have advantages
in generating OH,q4s [26], which are helpful in
facilitating the oxidative removal of the poisoning

a 3.5 Pt8%)INi,Fe,-LDHs
——— Pt(8%)/Ni;Fe,-LDHs ,ﬁ
—— PY(8%)/Ni,Fe,-LDHs | \
_ 2.89___ py(g%)iNi,Fe,-LDHs /
g \
E 21
c
[
E 1.4
=
O
0.7
0.0 1
08 -06 -04 -02 00 02
Potential (V vs.SCE)
c —— PY(8%)/NiFe-LDHs
15 J—— Pt(10%)/NiFe-LDHs
—— Pt(12%)/NiFe-LDHs
—— Pt(14%)/NiFe-LDHs
~ 12— pt(16%)/NiFe-LDHs
‘é —— Pt(18%)/NiFe-LDHs,
< 94
s
[
=
5 6
o
3 -
04

08 06 -04 -02 00 02
Potential (V vs.SCE)

carbonaceous species. The proposed MOR mech-
anism on Pt/NiFe-LDHs is shown in Figure S7.
Firstly, atomic-dispersed Fe sites in LDHs help to
disperse anchored Pt nanoparticles, resulting in
the more exposed electrochemical surface area of
Pt. Secondly, the oxidation of methanol can always
lead to the tight adsorption of CO on the surface of
Pt, while the OH, 4 as generated on the surface of
LDHs would facilitate the fast removal of CO
species, resulting in long-term durability. CO
stripping experiments were also used to probe the
strong resistance of Pt/NiFe-LDHs to CO
poisoning. As shown in Figure S8, the CO oxida-
tion peak of Pt/NiFe-LDHs has a negative shift
compared to that of Pt/C, and the integrated area
for CO oxidation is also smaller on Pt/NiFe-LDHs
than on Pt/C, indicating that the adsorption of CO
on Pt/NiFe-LDHs is weaker than that on Pt/C.
Fig. 3c and d further study the influence of
loading Pt contents on the MOR performance of
the hybrid electrocatalysts. Obviously, Pt(16%)/
NizFe;-LDHs exhibited an optimal performance
with the highest current of about 15 mA, locating at
the apex of Pt content-MOR activity volcano plot.
At the beginning of the MOR, the methanol will be
adsorbed on Pt as the active site, so the increased
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Fig. 3. (a) CV curves, (b) Ifl, and onset potential of Pt(8%)/NiFe-LDHs at different Ni:Fe ratios measured in Nj-saturated 1 mol-L" CH;0H
solution containing 1 mol-L~" KOH at a scan rate of 50 mV-s™", (c) CV curves, (d) I/l and onset potential of Pt/NisFe;-LDHs loaded by different
amounts of HPtCls measured in N,-saturated 1 mol-L~! CH;0H solution containing 1 mol-L™! KOH at a scan rate of 50 mV-s™L,
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content of Pt will be favor for the adsorption of
methanol, resulting the growing MOR current,
however when the content of Pt is too high, the
aggregation of Pt NPs is inevitable, thereby
reducing its active specific surface area and leading
to excessive adsorption of carbonaceous by-prod-
ucts during MOR, finally causing the declines of
MOR activity and selectivity. Therefore, the MOR
activity of the Pt(16%)/NizFe;-LDHs stands out
among all composites.

Lately, the Pt valence state, which is tightly
related to the adsorption energies of methanol and
CO intermediates on Pt during MOR, was studied
by X-ray photoelectron spectroscopy (XPS) in
Figure S9. Firstly, the Pt 4f;,, binding energies of
the Pt/NiFe-LDHs are down-shifted compared to
that of commercial Pt/C, which indicates the
change in the electron density of Pt due to elec-
trostatic interaction in Pt—O—Fe3". Furthermore,
the ratio between Pt*"/Pt” decreases in Pt/NiFe-
LDHs compared with that in Pt/C, verifying the
drop of Pt valence state in Pt/NiFe-LDHs. The in-
crease of electro density of Pt can possibly weaken
the adsorption of reaction intermediates, here is
CO, on the electrocatalyst surface, and in turn
enhance the selectivity of MOR [40—43]. The high-
resolution Ni 2p spectrum (Figure S10a) shows two
peaks with binding energies at 856.4 and 874.1 eV
correspond to the Ni*" 2ps, and Ni*" 2pq.,
respectively, which is in good agreement with a
previous report [44]. The Fe 2p signal is composed
of two peaks (Figure S10b), belonging to Fe 2p;,»
and Fe 2p;/; binding energies of the Fe oxidation
state (Fe3™) [45]. Compared the valence states of Ni
and Fe between the NiFe-LDHs and Pt/NiFe-
LDHs, we could find that there is no difference
between the nickel element, while the binding
energy of iron decreases slightly from 712.95 eV to
712.6 eV after Pt anchoring. This result can be
understood as since Pt*" is preferentially reduced
by the sodium borohydride [46], the adjacent Fe*"
is also partially reduced, further confirming the
strong interaction between Pt and Fe by estab-
lishing Pt—O—Fe®* bond on NiFe-LDHs surface.

The mass activity of Pt-based catalysts is usually
used for evaluating the MOR catalytic properties,
which is calculated by the peak current per milli-
gram Pt. According to Fig. 4a, the mass activity of
the Pt(16%)/Nis;Fe;-LDHs toward MOR is as high
as 999 mA-ngtl, which is 1.23 times higher than
that of commercial Pt/C (781 mA-mgﬁtl) and 1.22
times higher than that of benchmark Pt/Ni(OH),
(820 mA~mg1?t1). Then, we performed 1200 cycles
CVs to investigate the frequent switch on/off
durability of the electrocatalyst during MOR. Also
exhibited in Fig. 4a, the peak current density

degenerates with prolonged cycling time. This
phenomenon could be ascribed to the continuous
generation of intermediates and their poisoning
impacts on electrocatalyst during MOR, also
including the detachment of Pt NPs from the
substrate or the aggregation of Pt NPs. The peak
current densities for commercial Pt/C, Pt/Ni(OH),
and Pt(16%)/NisFe;-LDHs after the 1200™ cycle
were about 48.78 mA~mg1§t1, 350.25 mA~mg1§t1,
608 mA-ngtl, respectively, which is 6.2%, 42.7%
and 60% of the first cycle, respectively, high-
lighting the positive effect of NiFe-LDHs in facili-
tating the oxidation of methanol, accelerating the
removal of carbonaceous by-products, and
anchoring the Pt NPs against aggregation.

The continuous working stability is also an
important index to evaluate the catalytic perfor-
mance of MOR electrocatalysts. By using ampero-
metric i-t method, we firstly characterized the
short-term stability of electrocatalyst. As shown in
Fig. 4b, three electrocatalysts display a current
density decline in the initial period, perhaps
resulting from electrocatalyst poisoning by chem-
isorbed carbonaceous species formed during the
methanol oxidation. At the end of stability test, the
current density of Pt(16%)/NizFe;-LDHs electro-
catalyst was higher than those of commercial Pt/C
and Pt/Ni(OH),, further confirming the excellent
working stability of Pt(16%)/NizFe;-LDHs.

Then the long-term operation durability of these
two electrocatalysts were characterized and are
compared. At the end of continuous operation for
50,000 s, negligible activities (almost no MOR
working current densities) maintained for com-
mercial Pt/C (Figure S11). In stark contrast,
Pt(16%)/NizFe;-LDHs still delivered a current
density of 145 mA-mgp{, accounting for 33% of
initial working current density. To our surprise, we
found that Pt(16%)/Niz;Fe;-LDHs could still exhibit
the initial MOR activity in a fresh electrolyte after
working for 50,000 s, while Pt/C could not recover
to the initial activity (merely recovered to around
30% as shown in Figure S11). We repeated the
cycling up to four times for a total of 200,000 s, and
the full activity was recovered every time
(Figure S11). So, the drop of the MOR working current
density of Pt(16%)/NisFe;-LDHs may be mainly
induced by the changes of pH and composition of
electrolyte (generated CO, being dissolved in KOH,
resulting in the formation of K,CO; and drop of
electrolyte pH), rather than the severe reconstruction
or the aggregation of Pt NPs in Pt(16%)/NisFe;-LDHs.

To supply experimental evidence for the greatly
enhanced durability of the Pt(16%)/NizFe;-LDHs
as compared to that of the commercial Pt/C in
MOR, we further monitored their morphological
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and compositional changes after the durability test.
XPS spectra were used to monitor the evolution of
the element composition and electronic states of
Pt(16%)/NizFe;-LDHs and Pt/C during the long-
term stability test. The results indicate that the
electronic states of Ni and Fe in Pt(16%)/NisFe;-
LDHs were well maintained (Figure S12), also
negligible shifts of Pt binding energy can be
observed in Fig. 4c. In contrast, the Pt binding
energies of the commercial Pt/C were up-shifted
0.5 eV after reaction (Fig. 4d). The P2+ /Pt° ratio as
compared in Fig. 4c exhibits that no obvious Pt
oxidation could be observed in Pt(16%)/NisFe;-
LDHs, while a growing value of Pt*'/Pt’ ratio
could be detected in Pt/C, indicating the trans-
formation from Pt° to P*" during MOR, so it is
reasonable that the activity of Pt/C decayed after
prolonged working hours. Moreover, it is found
that the Pt NPs in Pt(16%)/NizFe;-LDHs main-
tained their morphology and dispersion well dur-
ing the 200,000 s stability test (Fig. 4e). In the case
of the commercial Pt/C, an obvious aggregation
and ripening of Pt NPs can be observed (Fig. 4f).
The interactions between Pt NPs and NiFe-LDHs
have merits in providing sufficient OH,q4s for the
oxidation of methanol and carbonaceous by-
products, requiring low Pt loading by maximizing
the available surface area of Pt NPs, anchoring Pt
NPs via Fe**—O—Pt bond against Pt aggregation
during MOR procedure. In real DMFC devices, it
would be highly desirable for MOR electrocatalysts
with low Pt loading, high activity, and reactivated
during operation breaks by simply replacing the
electrolyte by fresh ones, the electrocatalyst re-
ported in this work suits well to the requirements.

3. Conclusions

In summary, uniform and small Pt nanoparticles
were loaded on the NiFe-LDHs nanosheets and
used as a high-efficient MOR electrocatalyst. The
presence of NiFe-LDHs dramatically promoted the
electrocatalytic performance of Pt for the MOR in
an alkaline solution by evenly dispersing Pt
nanoparticles on their surface via Fe—O(H)—Pt
bonding, promoting the generation of OH,4s and
subsequent oxidative removal of carbonaceous
poison on neighboring Pt sites. Through the syn-
ergistic effect between Pt and NiFe-LDHs, our
electrocatalyst retained an exceptional mass activ-
ity of 145 mA-mg ' even after 50,000 s chro-
noamperometric measurement, and it could re-
work functionally in replaced fresh electrolytes.
Finally, the resulting Pt/NiFe-LDHs electrocatalyst
exhibited higher electrocatalytic activity (onset
potential at —0.64 V vs. SCE) and better anti-
poisoning ability comparing to commercial Pt/C

catalyst. This study implies that the Pt/NiFe-LDHs
electrocatalyst has great potential applications in
methanol fuel cell, which are essential for the clean
development of society.
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