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The water-gas shift (WGS) reaction is an essential industrial reaction for upgrading hydrogen (H;) by
removing carbon monoxide (CO), while highly efficient platinum (Pt)-based catalysts for WGS with
simultaneously high activity and stability are still yet to be developed due to the poisoning issue during
the reaction. Herein, we report on the porous PtPb peanut nanocrystals (porous PtPb PNCs) and porous
PtPb octahedron nanocrystals (porous PtPb ONCs) with controllable ratios of Pt/Pb as extremely active
and stable catalysts towards WGS reaction. It exhibits the composition-dependent activity with porous

{)(z)r/glosrds: PtPb PNCs-40/Zn0O being the most active for WGS to H,, 16.9 times higher than that of the commercial
Selective etching Pt/C. The porous PtPb PNCs-40/ZnO also display outstanding durability with barely activity decay and
Hydrogen negligible structure and composition changes after ten successive reaction cycles. X-ray photoelectron

Pt-Pb spectroscopy (XPS) results reveal that the suitable binding energy of Pt 4f;, and the high ratio of Pt(0)
Water-gas shift to Pt(I) in porous PtPb PNCs/ZnO and porous PtPb ONCs/ZnO are crucial for the enhanced WGS activity.
The CO stripping results indicate the optimized CO adsorption strength on the Pt surface ensure the
excellent WGS activity and the outstanding durability. The present work demonstrates an important
advance in tuning the porous metal nanomaterials as highly efficient and durable catalysts for catalysis,

energy conversion and beyond.
© 2018 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

Water-gas shift (WGS) reaction is an important industrial reac-
tion for upgrading hydrogen (H,) in the fields of oil refining,
ammonia synthesis and hydrogen fuel [1,2]|. The main target of
the WGS reaction is to remove the carbon monoxide (CO) formed
during the upstream hydrocarbon reforming reaction to increase
the H, yield as well as the H, purity. This step is essential since
CO is often a poison for downstream processing catalysts, resulting
in large activity decrease [3]. In industrial fields, the common
systems contain a high temperature shift over Fe-Cr catalysts at
593-723 K and a low temperature shift over Cu-Zn-Al catalysts
at 473-523 K [4]. However, these conventional systems are unsuit-
able for H, generation as required for fuel cell and other applica-
tions, because of their space-occupying, time-consuming, and
poisoning-susceptibility [5,6]. Over the past decades, the research-
ers have noticed that platinum (Pt) group noble metals supported
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on reducible metal oxides, such as cerium oxide (CeO,), titanium
oxide (TiO,) and zinc oxide (ZnO), which contain oxygen-
vacancies, are more active for WGS [7-11]. Nonetheless, these Pt-
based catalysts on reducible supports are not sufficiently stable
and progressively deactivate due to the poisoning effect during
the reaction [12]. Therefore, tremendous attentions have been
focused on enhancing the anti-poisoning ability of Pt-based cata-
lysts towards CO and thereby boosting the activity and durability
for WGS.

Pt is extremely susceptible to the CO poisoning, which blocks
the surface’s active sites from further catalysis, thus resulting in
dramatic efficiency decrease [13]. Therefore, weakening the strong
CO adsorption may provide a useful way to improve the tolerance
of the Pt-based catalysts towards CO poisoning [14]. In particular,
alloying Pt with specific elements such as lead (Pb) exhibits high
tolerance towards CO poisoning [15], providing an alternative
way to enhance the anti-poisoning ability. Thanks to the geometric
and electronic modifications, the Pt-Pt distance in Pt-Pb inter-
metallic compounds is distinct from that in other alloys or pure
Pt. Such distance can mitigate the CO poisoning by reducing the

2095-9273/© 2018 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.


https://doi.org/10.1016/j.scib.2018.11.020
mailto:hxq006@suda.edu.cn
https://doi.org/10.1016/j.scib.2018.11.020
http://www.sciencedirect.com/science/journal/20959273
http://www.elsevier.com/locate/scib

B. E et al./Science Bulletin 64 (2019) 36-43 37

bridge sites and eliminating the 3-fold hollow adsorption sites
[13]. However, one thing should be noted that the introduction
of excessive Pb may also decrease the WGS activity because of
the weak CO adsorption. Therefore, seeking the best suitable CO
adsorption on the surface of PtPb nanocrystals (NCs) and keeping
the balance between the activity and the anti-poisoning ability is
the essential point [16,17]. In fact, since the dependence of the
charge distribution on the morphology and thus the different CO
adsorptions on different shaped NCs, one reliable strategy for mod-
ulating the CO adsorption is to control their morphology [18].
However, realizing Pt-Pb catalysts with tunable morphologies is
still a great challenge. Therefore, the development of efficient strat-
egy to modulate the CO adsorption on the surface of PtPb NCs is
highly desirable for enhancing the WGS catalysis.

Herein, for the first time we report a top-down strategy to cre-
ate a new class of porous PtPb NCs (i.e., porous PtPb peanut NCs
(porous PtPb PNCs) and porous PtPb octahedra (porous PtPb
ONCs)), as highly efficient catalysts for WGS reaction. These porous
PtPb PNCs with different porosities show promising activity to
WGS reaction. In particular, the porous PtPb PNCs-40/ZnO with
desirable porous degree exhibits excellent WGS activity with the
outstanding turnover frequency value (TOF) of 3,730.6h7!, 1.3
and 16.9 times higher than the porous PtPb ONCs-40/ZnO
(2,967.9h7 ") and the commercial Pt/C (220.7 h™!), respectively.
The porous PtPb PNCs-40/Zn0 also represents high stability with
limited activity decay after ten cycles, due to the high anti-
poisoning ability of Pb toward CO. X-ray photoelectron spec-
troscopy (XPS) results reveal that the porous PtPb PNCs-40/ZnO
with the highest ratio of Pt(0) to Pt(II) shows the excellent WGS
activity and the outstanding durability. Moreover, the CO stripping
of porous PtPb PNCs-40/C shows that the relatively low onset and
peak potentials for CO oxidation ensures suitable CO adsorption
strength on the Pt surface for enhancing the WGS activity.

2. Materials and methods
2.1. Materials

Platinum(II) acetylacetonate (Pt(acac),, 97%), lead(Il) acetylace-
tonate (Pb(acac),, 99%), L-ascorbic acid (CsHgOsg, AA, reagent grade,
99%), oleylamine (C;gH37N, OAm, >70%), 1-octadecene (C;gHsg,
ODE, technical grade, 90%), and Nafion (5%) were all purchased
from Sigma-Aldrich (China). Glucose (CsH120g, analytical reagent),
cyclohexane (CgH;,, analytical reagent, >99.5%), ethanol (C,HgO,
analytical reagent, >99.7%), perchloric acid (HClO4, analytical
reagent, 70%-72%) and nitric acid (HNOs, analytical reagent, 65%-
68%) were obtained from Sinopharm Chemical Reagent Co. (China).
All the chemicals were used as received without further purifica-
tion. The water (18 MQ cm™!) used in all experiments was pre-
pared by passing through an ultra-pure purification system.

2.2. Synthesis of PtPb NCs and porous PtPb NCs

In a typical preparation of PtPb PNCs, 10.0 mg Pt(acac),, 8.0 mg
Pb(acac),, 4.45 mg AA, 7.5 mg glucose, 2.5 mL OAm and 2.5 mL
ODE were added into a glass vial (35 mL). After the vial had been
capped, the mixture was ultrasonicated for 60 min. The resulting
homogeneous mixture was then heated from room temperature
to 160 °C in 30 min and maintained at 160 °C for 5 h in an oil bath,
before it was cooled to room temperature. The resulting colloidal
products were collected by centrifugation, and washed three times
with an ethanol/cyclohexane mixture. All the synthetic parameters
for PtPb ONCs are similar to those of PtPb PNCs but changing the
reducing agent to L-ascorbic acid (17.8 mg). The porous PtPb PNCs
were obtained by etching PtPb PNCs with nitric acid. In a typical

preparation of porous PtPb PNCs, the PtPb PNCs were washed with
ethanol/cyclohexane mixture for two times and then redispersed
in cyclohexane (4.0 mL), oleylamine (0.5 mL) and 1-octadecene
(0.5 mL). After being sonicated for several minutes, 1 mL nitric acid
was added into the mixture. The mixture was then heated at desir-
able temperature for 1 h under stirring. To control the etching
degrees of the porous PtPb PNCs, the temperature was changed
from 30 to 40 and 60 °C. The preparation of porous PtPb ONCs
was similar to that of porous PtPb PNCs except that the PtPb PNCs
were replaced with PtPb ONCs.

2.3. Catalytic tests

The catalysts were fabricated by loading the PtPb PNCs, porous
PtPb PNCs, PtPb ONCs and porous PtPb ONCs on the commercial
carbon (C, Vulcan), aluminum oxide (Al,03), zinc oxide (ZnO), cer-
ium oxide (CeO,) or titanium oxide (TiO,) with 1% mass loading of
Pt via simply sonicating the PtPb NCs and support in trichloro-
methane, then stirring for 3 h, and finally washing with ethanol.
A 5 mg catalyst was used for each reaction. The water-gas shift
reaction was performed in a 60 mL stainless-steel autoclave. After
the addition of 10 mL H,0 and 5 mg catalyst into a Teflon inlet, the
autoclave was pressurized with CO (1 MPa). The reaction was then
performed at desirable temperature under stirring at 800 r/min.
After the completion of the reaction, the gaseous mixture was ana-
lyzed using gas chromatograph (Agilent GC-7890B) equipped with
a hayesep Q column connected to a thermal conductivity detector
(TCD) and a 5 A molsieve column connected to a methane reformer
with nickel catalyst and a flame ionization detector (FID). The
yields of H (Qu,) and the turnover frequency (TOFy,) based on
the Pt are calculated using Egs. (1) and (2).

; (1)

Qy, (mmol) = ny, (mmol)

TOFy, (h’l) = ny, (mmol)/(np:(mmol) x t(h))

= iy, (mmol)/(Meue(g) Pt (Wt%))/ (M x 107 (g mmol ')
x t (), 2)

where, n is the amount of substance, mc, is the quality of catalyst
and Mp, is molar mass of Pt.

2.4. Electrochemical measurements

A 2 mg carbon supported catalyst was ultrasonically dispersed
in 0.4 mL isopropanol and 4 pL of 5% Nafion for 30 min. A 10 pL
suspension was deposited on the precleared glassy carbon elec-
trode and allowed to dry in air. A saturated calomel electrode
(SCE) calibrated by a reversible hydrogen electrode (RHE) and a
Pt wire were used as reference and counter electrodes, respec-
tively. All the potentials were referred to RHE if not otherwise
mentioned. The CO stripping experiments were tested at the rate
of 20mVs~! at room temperature in 0.1 mol L~! HCIO,4 solution.
The electrochemical surface area (ECSA) of the Pt in the working
electrode is calculated using Eqgs. (3) and (4). To calculate the
per-site TOF, we used the Eqs. (5) and (6):

_ [idE(mAV)
Qco-adsorption (C) - / m (3)

%men(c)} 4)

ECSA (m?g') = ,
(m*g™) [420(u#)mpt(mg)
Moles of reactant converted

Activesites perreal surface x ECSA x mp; x reactiontime’

(5)

TO Fsurface Pt =
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2

L Atoms per unit cell\3

Active sites per real surface area = Atoms perunit cez , (6)
v per unit cell

where, v is the scanning speed, mp, is the mass of Pt.

2.5. Characterizations

The samples were prepared by dropping cyclohexane disper-
sion of samples onto the carbon-coated copper transmission elec-
tron microscopy (TEM) grids using pipettes and dried under
ambient condition. Low-magnification TEM was conducted on a
Hitachi HT7700 (Japan) transmission electron microscope at an
acceleration voltage of 120 kV. High-magnification TEM was con-
ducted on a FEI Tecnai F20 transmission electron microscope at
an acceleration voltage of 200 kV. Energy dispersive X-ray spec-
troscopy (EDX) was performed on a scanning electron microscope
(SEM, Hitachi, S-4700). Powder X-ray diffraction (PXRD) patterns
were collected using an X'Pert-Pro X-ray powder diffractometer
equipped with a Cu radiation source (4 = 0.15406 nm). The concen-
trations of catalysts were determined by the inductively coupled
plasma-atomic emission spectrometer (ICP-AES) (Varian 710-ES,
USA). XPS spectra were collected by XPS (Thermo Scientific, ESCA-
LAB 250 XI, USA).

3. Results and discussion
3.1. Formation of PtPb NCs and porous PtPb NCs

The PtPb PNCs were produced through a solvothermal method
by using platinum(Il) acetylacetonate and lead(Il) acetylacetonate
as metal precursors, oleylamine and 1-octadecene as solvents
and r-ascorbic acid and glucose as reducing agents. As revealed
by TEM image, unique PtPb NCs with peanut-like structures were
obtained. Fig. S1 (online) gives detailed morphological information
of PtPb PNCs, where each NC consists of two domains with the
length and diameter of (23.5 £ 1.0) nm and (11.6 + 0.5) nm, respec-
tively. The overall Pt/Pb composition was determined to be
50.7/49.3, in accordance with the Pt/Pb atomic ratio of the precur-
sors, as confirmed by ICP-AES and SEM-EDX (Fig. S2a online). The
PXRD shows that PtPb PNCs have typical intermetallic PtPb diffrac-
tion peak (JCPDS No. 06-0374) (Fig. S3a online).

Differ from the phase-segregation structure, the intermetallic
PtPb PNCs offer new possibilities for fabricating porous PtPb PNCs
by selectively removing the sacrificial component. Fig. 1a-d shows
the schematic illustration of the resulted porous PtPb PNCs with
different open structures via etching with nitric acid at different
temperatures (see Section 2 for details), named porous PtPb
PNCs-30, porous PtPb PNCs-40 and porous PtPb PNCs-60,

Fig. 1. (Color online) Morphological and structural characterizations of PtPb PNCs and porous PtPb PNCs. Schematic illustrations (a)-(d), TEM images (e)-(h), HRTEM images
(i)-(1) and STEM-EDS elemental mappings (m)-(p) of PtPb PNCs (a, e, i, m), porous PtPb PNCs-30 (b, f, j, n), porous PtPb PNCs-40 (c, g, k, 0) and porous PtPb PNCs-60 (d, h, I, p).
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respectively. As shown in Fig. 1e-h, the profile of the PtPb NCs is
largely maintained after the acid etching. More interesting, porous
structures have been successfully created with the original peanut
structure largely remained after etching at different temperatures.
With the increase of the etching temperature, the length of porous
PtPb PNCs decreases from (23.5+1.0) to (17.5+0.7) nm and the
diameter decreases from (11.6+0.5) to (8.2 +0.5)nm after the
dissolution of Pb (Figs. S4-S6 online). The atomic ratios of Pt/Pb
decreased from 50.7/49.3 (PtPb PNCs) to 64.7/35.3 (porous PtPb
PNCs-30), 84.2/15.8 (porous PtPb PNCs-40) and 94.2/5.8 (porous
PtPb PNCs-60) (Fig. S2 online). PXRD was used to illustrate the
phase transformation from PtPb PNCs to the porous PtPb PNCs.
The PtPb PNCs showed the typical intermetallic PtPb diffraction
peaks. When etching by nitric acid at 30°, the porous PtPb PNCs-
30 also showed the intermetallic PtPb phase while the peaks
became boarder due to the small dissolution of Pb. With further
increasing the etching temperature, complete phase changes were
observed in the phases of the porous PtPb PNCs-40 and porous
PtPb PNCs-60, where the pure Pt phase was observed (JCPDS No.
04-0802) (Fig. S3a online). The crystal phase of porous PtPb NCs
gradually transfers from intermetallic PtPb phase to pure Pt phase
(from (1 02)and (11 0) facets of PtPb phase to (11 1) facets of Pt
phase) due to the Pb loss in etching process, which can be reflected
by the shift around 40° of PXRD patterns in Fig. S3 (online). High-
resolution TEM (HRTEM) was further carried out to reveal the por-

ous structure and phase features (Fig. 1i-1). After nitric acid treat-
ment, both lattice spacings of 0.212 and 0.227 nm were observed
in porous PtPb PNCs-30 and porous PtPb PNCs-40, which are corre-
sponding to the PtPb (11 0) plane and Pt (11 1) plane, respec-
tively. However, only the lattice spacing of 0.227 nm, assigned to
the (11 1) plane of Pt, was found in porous PtPb PNCs-60, in con-
sistent with the PXRD result. The STEM-EDS elemental mappings of
porous PtPb PNCs show that the Pt distributes throughout the
entire NCs, while the Pb mainly distributes on the interior due to
the dissolution of Pb (Fig. Tm-p). These results suggest that the
abundant of Pb in the initial PtPb PNCs were etched away with
the porosities largely depending on the etching temperatures.
These porous PtPb PNCs with similar morphology but different
Pt/Pb ratios provide a unique platform to explore the relationship
between CO adsorption and Pt/Pb ratios.

Controlling the NCs shapes can also influence the CO adsorp-
tion on the surface of NCs by modulating the surface electronic
properties of the catalysts [18]. Therefore, PtPb ONCs with the
same Pt/Pb ratio yet different shapes were also successfully cre-
ated, which were obtained by only using i-ascorbic acid
(17.8 mg) as reducing agent (see Section 2 for details). The TEM
images show that the products are dominated with octahedron
morphology with the average length of 17.6 nm (Figs. 2a and S7
(online)). The SEM-EDX, PXRD, HRTEM and STEM-EDS elemental
mappings results suggest the successful formation of octahedral

(d)

Fig. 2. (Color online) Morphological and structural characterizations of PtPb ONCs and porous PtPb ONCs. Schematic illustrations (a-d), TEM images (e-h), HRTEM images (i-1)
and STEM-EDS elemental mappings (m-p) of PtPb ONCs (a, e, i, m), porous PtPb ONCs-30 (b, f, j, n), porous PtPb ONCs-40 (c, g, k, 0) and porous PtPb ONCs-60 (d, h, |, p).
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PtPb NCs. In a similar way, the PtPb ONCs were also subjected to
chemical etching by nitric acid at different temperature to obtain
the open structures with different porosity (Fig. 2b-d), named
porous PtPb ONCs-30, porous PtPb ONCs-40 and porous PtPb
ONCs-60, respectively. The higher acid treatment temperature
accelerates the dissolution of Pb, which can be confirmed by
the TEM images and SEM-EDX of porous PtPb ONCs, where the
porous PtPb ONCs-60 shows the most obvious hollow structures
with the length of (13.6 £ 0.5) nm and the lowest content of Pb
of 4.5% (Figs. 2e-h and S8-S10 (online)). The structure transfor-
mation was illustrated by PXRD (Fig. S3b online). When etched
by nitric acid, the PtPb ONCs has been converted from intermetal-
lic PtPb into pure Pt phase, which is very similar to the case of
PtPb PNCs. Fig. 2i-1 shows the HRTEM images of PtPb ONCs, por-
ous PtPb ONCs-30, porous PtPb ONCs-40 and porous PtPb ONCs-
60. With the acid treatment, the lattice spacings of 0.227 nm
assigned to the (11 1) plane of Pt appear in porous PtPb ONCs-
30 and porous PtPb ONCs-40, while the lattice spacing of
0.212 nm assigned to the (1 1 0) plane of PtPb disappears in por-
ous PtPb ONCs-60, further proving the complete formation to
pure Pt phase. The STEM-EDS elemental mappings of porous PtPb
ONCs (Fig. 2m-p) show the signal of Pb weakens with acid treat-
ment, indicating the decrease of Pb and the formation of porous
PtPb NCs.

3.2. WGS performances of PtPb NCs and porous PtPb NCs

The WGS reaction is an important industrial reaction for adjust-
ing the H,/CO ratios during the process of upstream hydrocarbon
reforming to H, [1,2,19]. Here, the porous PtPb PNCs and porous
PtPb ONCs with controllable Pt/Pb ratios provide a suitable plat-
form to investigate the relationship between performance and Pt/
Pb ratios. The performances of PtPb PNCs, porous PtPb PNCs, PtPb
ONCs and porous PtPb ONCs for WGS were evaluated in details
(Figs. 3 and 4). All the catalysts were fabricated by loading the cat-
alysts on the commercial carbon or oxides (Figs. S11-S14 online).
The effect from the molarity of K,CO3; on WGS was first explored
since alkali ion-associated surface-OH groups are reactive toward
CO in the presence of Pt, improving the efficiency in the WGS reac-
tion [20-24]. The results show that, with the increased concentra-
tion of K,COs, the activity of WGS enhances evidently and tends to
be stable finally. The H, TOF can be maximized at 0.40 mol L™!
K,CO5 (2,249.5 h™') (Fig. 3a). Besides the molarity of K,COs, the
supports of reducible metal oxides, which contain oxygen-
vacancies, are commonly used in WGS [25]. Among the five sup-
ports (C, TiO,, ZnO, CeO, and Al,03) examined, porous PtPb
PNCs-60/Zn0O exhibits the best performance (Fig. 3b). Therefore,
ZnO is the best Supporting material for the porous PtPb PNCs-60,
which is likely to due to the superior interfacial contact between
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Fig. 3. (Color online) WGS of the PtPb PNCs, porous PtPb PNCs, PtPb ONCs, porous PtPb ONCs and commercial Pt/C. (a) The achieved H, TOF values of porous PtPb PNCs-60/

ZnO with different molarity of K,CO3 at 200 °C for 1 h. (b) The achieved H, TOF values of porous PtPb PNCs-60 containing 0.40 mol L'

K»CO5 with different supports at 200 °C

for 1 h. (c) The achieved H, TOF values of the commercial Pt/C, PtPb PNCs/ZnO, porous PtPb PNCs/ZnO, PtPb ONCs/ZnO and porous PtPb ONCs/ZnO containing 0.40 mol L~!
K,CO3 at 200 °C for 1 h. Error bars correspond to the deviations from three-independent experiments.
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Fig. 4. (Color online) WGS of the porous PtPb PNCs-40/ZnO. (a) The achieved H, TOF values of porous PtPb PNCs-40/ZnO containing 0.40 mol L~! K,COs at different reaction
temperatures for 1 h. (b) The Arrhenius plot for the H, production of porous PtPb PNCs-40/ZnO. (c) The achieved H, production of porous PtPb PNCs-40/ZnO containing
0.40 mol L' K,CO5 at 200 °C for different reaction time. (d) The H, TTN values achieved by porous PtPb PNCs-40/ZnO over ten rounds of successive reactions.

Pt species and ZnO. In order to study the balance between the
activity and the anti-poisoning ability, we started to seek the suit-
able Pt/Pb ratio to achieve the best suitable CO adsorption on the
surface of PtPb NCs. As presented in Fig. 3¢, the porous PtPb
PNCs-40/Zn0O shows the best performance for H, TOFs in all the
investigated catalysts, much better than that of the commercial
Pt/C (16.9 times). The porous PtPb PNCs-40/ZnO shows the TOF
value of 3,730.6 h™! for H,, which is 2.4, 1.7 and 1.6 times higher
than those of the PtPb PNCs/ZnO, porous PtPb PNCs-30/ZnO and
porous PtPb PNCs-60/Zn0. Similarly, the typical volcano-like curves
were also observed in porous PtPb ONCs/ZnO with the porous PtPb
ONCs-40/Zn0 showing the highest H, TOFs. In addition, the porous
PtPb PNCs/ZnO achieved even better performance than the porous
PtPb ONCs/ZnO with the H, TOF of porous PtPb PNCs-40/Zn0O being
1.3 times higher than that of the porous PtPb ONCs-40/Zn0. Based on
the above results, the porous PtPb PNCs-40/ZnO with the Pt/Pb ratio
0f84.2/15.8 shows the best performance to H, in WGS reaction, even
better than many Pt-based catalysts for WGS (Table S1 online).
Further detailed exploration of the performance of porous PtPb
PNCs-40/Zn0 was carried out in the following step. The H, TOF of
WGS reaction increases with raising the temperature from 140 to
200 °C with porous PtPb PNCs-40/ZnO as catalyst (Fig. 4a). The
associated apparent activation energy (E,) value of porous PtPb
PNCs-40/ZnO calculated by the arrhenius plot for H, production
is 94.71 k] mol ! (Fig. 4b). The relatively low E, value proves that
porous PtPb PNCs-40/ZnO can effectively excite the CO molecule
and thus high activity [26]. The catalytic behaviors of the porous
PtPb PNCs-40/Zn0O were further studied by exploring the H, yields

as a function of the reaction time. As time goes on, the H, produc-
tion increases rapidly and tends to be stable after 20 h, exhibiting
the sustaining and effective activation of CO by this catalyst
(Fig. 4c). The stability of the porous PtPb PNCs-40/ZnO was also
investigated by recycling the WGS reaction (Fig. 4d). After ten
cycles, the porous PtPb PNCs-40/ZnO largely maintained the origi-
nal activity for H,, exhibiting the outstanding stability for WGS,
which is crucial for the industrial application. The TEM and
HAADF-STEM results reveal that after ten cycles, the porous PtPb
PNCs-40/Zn0 largely maintained their original structures, further
confirming the excellent stability (Fig. S11c, d online). Under the
same condition, the commercial Pt/C preserved only 69% initial
activity after ten cycles (Fig. S15 online) and experienced severe
size change after the stability test (Fig. S16 online). Therefore,
the porous PtPb PNCs-40/ZnO exhibits both promising activity
and outstanding stability for WGS reaction.

The surface electronic properties of catalyst surfaces are
believed as the descriptor for modulating the WGS activity [26].
Hence, we collected XPS of PtPb PNCs/ZnO, porous PtPb PNCs/
ZnO, PtPb ONCs/ZnO and porous PtPb ONCs/ZnO and studied the
relationship between Pt/Pb ratios, Pt(0)/Pt(Il) ratios and WGS
activity (Tables S2 and S3 online). Each Pt 4f peak can be deconvo-
luted into two pairs of doublets (Fig. 5a). According to the decon-
volution results, a large proportion of the Pt(0) exists in the
porous PtPb PNCs-40/Zn0. The ratio of Pb(0)/Pb(II) in porous PtPb
PNCs-40/Zn0 (77.8/22.2) is higher than PtPb PNCs/ZnO (43.8/56.2),
other porous PtPb PNCs/ZnO (70.3/29.7 for porous PtPb PNCs-30/
ZnO and 64.8/35.2 for porous PtPb PNCs-60/Zn0), PtPb ONCs/ZnO
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Fig. 5. (Color online) Pt 4f XPS spectra (a), ratios of Pt(0) to Pt(Il) (b) and the achieved H, TOF values (c) of PtPb PNCs/ZnO, porous PtPb PNCs-30/ZnO, porous PtPb PNCs-40/
ZnO, porous PtPb PNCs-60/Zn0, PtPb ONCs/ZnO, porous PtPb ONCs-30/Zn0O, porous PtPb ONCs-40/ZnO and porous PtPb ONCs-60/ZnO.

(42.7/57.3) and porous PtPb ONCs/ZnO (54.5/45.5 for porous PtPb
ONCs-30/Zn0O, 72.6/27.4 for porous PtPb ONCs-40/ZnO and
59.1/40.9 for porous PtPb ONCs-60/ZnO) (Table S2 online). Mean-
while, as shown in Fig. 5b, ¢, with raising the ratio of Pt(0)/Pt(II),
the WGS activity increases, in which the highest content of Pt(0)
in porous PtPb PNCs-40/ZnO leads to the highest production of
H, in WGS.

Except the impact on the ratio of Pt(0)/Pt(Il), the ratios of Pt/Pb
also affect the CO adsorption ability on Pt surface [26,27], which
controls the WGS activity. Therefore, CO stripping experiments
were carried out to further investigate the relationship between
CO adsorption and Pt/Pb ratios (Fig. 6a and Table S4 (online)).
Fig. 6a shows the CO stripping curves of PtPb PNCs/C, porous PtPb
PNCs-30/C, porous PtPb PNCs-40/C and porous PtPb PNCs-60/C,
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where the onset and peak potentials of each catalyst can be clearly
observed. As the increase of Pt/Pb ratio, the onset and peak poten-
tials for CO oxidation shift to high position (Fig. 6a), indicating the
enhanced CO adsorption strength [28,29]. As a reference, we per-
formed the CO stripping on the commercial 20% Pt/C. Among them,
the onset and peak potentials for CO oxidation of the porous PtPb
PNCs-60/C with the least content of Pb are similar to that of Pt/C
(Fig. 6b), representing a strong CO adsorption strength on the Pt
surface. Conversely, the PtPb PNCs/C and the porous PtPb PNCs-
30/C with high quantities of Pb show very weak CO adsorption
strength, which also reduces the WGS activity. For the porous PtPb
PNCs-40/C, the modest onset and peak potentials for CO oxidation
represent suitable CO adsorption strength on the Pt surface, shown
the enhanced WGS activity. The above results prove that the
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Fig. 6. (Color online) CO stripping voltammograms (a) and the peak potentials for CO oxidation (b) of PtPb PNCs/C, porous PtPb PNCs-30/C, porous PtPb PNCs-40/C, porous

PtPb PNCs-60/C and Pt/C.
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suitable CO adsorption strength on the Pt surface can enhance the
WGS activity. We ascribe the much enhanced performance of the
porous PtPb PNCs-40/ZnO for WGS to the most suitable composi-
tion of Pt/Pb, nanoporous structure feature, superior geometrical
effect, and the optimized interaction between porous PtPb PNCs-
40 and ZnO support.

4. Conclusions

To summarize, we have demonstrated porous PtPb PNCs and
porous PtPb ONCs with tunable porosity as highly active and stable
catalysts towards WGS reaction. The porous degree can be pre-
cisely controlled by tuning the acid etching temperature. These
porous structures with controllable ratios of Pt/Pb exhibit impres-
sive activity and outstanding durability towards WGS reaction.
Among the porous PtPb PNCs and porous PtPb ONCs, the porous
PtPb PNCs-40 delivers the highest activity, more than 16.9 times
higher than that of the commercial Pt/C. The highest content of
Pt(0) and suitable CO adsorption strength on the porous PtPb
PNCs-40 ensure the outstanding activity for WGS reaction. In addi-
tion, the porous PtPb PNCs-40/ZnO showed excellent stability for
WGS over ten cycles without sacrificing the activities. Our finding
opens up an exciting strategy towards the rational design of porous
Pt-based nanostructures for catalysis and beyond.
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