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ABSTRACT: Fractal Pt-based materials with hierarchical structures and high self-similarity have
attracted more and more attention due to their bio-inspiring maximum optimization of energy
utilization and mass transfer. However, their high efficiency design of the mass- and electron-
transfer still remains great challenges. Herein, fractal PtPdCu hollow sponges (denoted as PtPdCu-
HS) facilitating both directed mass- and electron-transfer are presented. Such directed transfer
effects greatly promote electrocatalytic activity, regarding as 3.9 times the mass activity, 7.3 times
the specific activity, higher poison tolerance, and higher stability than commercial Pt/C for the
methanol oxidation reaction (MOR). A new “directed mass- and electron-transfer” concept,
characteristics, and mechanism are proposed at the micro/nanoscale to clarify the structural design
and functional enhancement of fractal electrocatalyst. This work displays new possibilities for
designing novel nanomaterials with high activity and superior stability towards electrocatalysis or

other practical applications.



Platinum (Pt)-based nanostructures have been one of the most effective catalysts applied
in electrocatalysis, and thus discovery of novel nanostructures has been one of the main strategies

to enhance their performance.'™

Recent experimental and theoretical progresses on
electrochemical reactions have revealed two critical factors for high-performance design. Firstly,
maximum utilization of electronic energy is critical for the development of highly active facets
and alloying stress structures with high intrinsic conductivity and electrochemical activity.>® The
other is to optimize diffusion of matter and hence increase the contact possibility between the
active sites and reactants, which strongly depends on nanoscale adjustment, morphological control,
surface roughness, structure porosity and/or their synergistic effects.!®!* Undoubtedly, the
development of Pt-based nanostructures with minimum energy loss and the most efficient matter
transfer is highly desired, although almost all approaches in previous reports generally require for
such a combination.

Fractal hierarchy is the most common structure in nature and many classes of organisms
among both plants and animals contain fractal structure to maximize the mass transport and
increase the rates of reactions for optimal efficiency and least energy consumption.!>!” A unique
feature of fractals is the directed transfer phenomenon, for example, both water transport and
photogenerated efficient electron transfer in trees are mainly achieved from the main stems to the
smaller branches in a directed way.'® This feature dictates the outstanding transfer and utilization
efficiency of energy and matter in natural substances. In materials design, fractal functions, often

appearing in their hierarchical micro/nanostructures with high self-similarity, have attracted more

and more attention.'”?° Significant progress has been made to implement fractal structures, such
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as fractal zeolites, graphenes, oxides/selenides, and metals, in areas ranging from

nanoscience to catalysis, separation, energy, life science and other applications. There have been



advances on synthetic approaches to fractal Pt-based nanostructures, including hard fractal-
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templating, surfactant templating, and electro-deposition.’**! However, it is not easy to

achieve direct synthesis of Pt-based fractals under mild conditions, such as open system, room
temperature, and aqueous solvent, which is critical for scale-up for practical applications.*>*’
Furthermore, each of these previous Pt-based fractal studies addresses mainly structural aspects,
while their high electron transfer efficiency has not been thoroughly investigated for promising
applications, particularly in catalysis and electrocatalysis. Thus, a directed transfer investigation
of both energy and matter on Pt-based fractal design for electrocatalysis would be a significant
advance.

Considering the above, we herein present a facile and efficient approach to direct synthesis
of fractal PtPdCu sponges (denoted as PtPdCu-S) by galvanic replacement at room-temperature
using aqueous solvent in an open system. To further optimize the pore structure by Pd-Cu co-
etching, the resulting PtPdCu-HS (denoted as PtPdCu-HS) with three-dimensional (3D)
hierarchically fractal pores not only provide directed transportation of reactants from large sized
pores to small sized pores, but also maintain directed transfer of electrons from the thick walls of
large sized pores to the thinner walls of small sized pores. Such a fractal structure shows a very
high surface area and rich surface-active sites. Density functional theory (DFT) results further
indicate a 23.5% increase of surface atomic number as well as a 4.3% increase in surface area in
comparison with non-fractal nanostructures. Moreover, PtPdCu-HS exhibits outstanding
electrocatalytic properties, including high electrocatalytic activity, unusual poison tolerance, and
excellent stability in the methanol oxidation reaction (MOR). The mechanism of synthesis of these
materials and the directed mass- and electron-transfer effects on the enhancement of the resulting

electrocatalytic activity have also been fully explored.



The morphological and structural characterization of PtPdCu-HS is shown in Figure 1.
Figure 1a clearly shows that PtPdCu-HS has multilevel generations with a long main trunk and
many well-aligned side branches, resembling a fractal tree. The length of the trunk is about 7 um,
while the branches range from 0.5 pm to 3 um. Moreover, closer observation finds that each branch
also exhibits a hierarchical fractal structure, which is composed of a main branch and sub-branches
(Figure 1b). The centers of these branches are brighter than the edges, clearly depicting a hollow
feature. Transmission electron microscopy (TEM) images with higher magnification show that the
branches are composed of numerous small nanoparticles, which are fused together to form an open
interconnected porous system (Figure 1c). As shown in Figure S1a, these particles exhibit a mean
size distribution of 3.7 £ 0.7 nm. Figure 1d shows the selected area electron diffraction (SAED)
pattern recorded from the branches in Figure 1b. The five diffraction rings can be indexed to the
(111), (200), (220), (311) and (222) facets, respectively. Figure 1e and f show the lattices fringes
and the corresponding fast Fourier transform (FFT) results from one nanoparticle in Figure Ic. As
can be seen, the lattice fringe of 0.221 nm is close to the 0.223 nm for Pt(111) facets, proving the
nanoparticle is well enclosed by (111) facets. Figure 1g-i show the high-angle annular dark field-
scanning TEM (HAADF-STEM) images of PtPdCu-HS. Under dark field, the porous and hollow
features can be witnessed more clearly (Figure 1g). The thickness of pore walls was measured in
Figure 1h, and the results shown that the main branch has a thicker pore wall (20.8 nm) than that
in the sub-branch (11.9 nm). Moreover, the size of main pore (102 nm) is also bigger than that of
the sub-pore (42.5 nm). Similar phenomena can be found in other branches (Figure S2). Figure 1i-
m show the HAADF-STEM image of nanoparticles in the branches and corresponding elemental
mapping results, indicating a Pt-rich alloying structure and a homogeneous dispersion of Pt, Pd

and Cu in PtPdCu-HS. Moreover, inductively coupled plasma-atomic emission spectrometry (ICP-



AES) results show that the atomic ratio of Pt, Pd, and Cu in PtPdCu-HS is close to 8:1:1, further
proving the Pt-rich structure of PtPdCu-HS. Compared to PtPdCu-S (see Figure S3 for detailed
TEM characterization), PtPdCu-HS after acid treatment exhibits richer porous and finer alloyed

structure.

Overlaid

Figure 1. (a-c) TEM images of PtPdCu-HS with different magnifications. (d) Electron diffraction
pattern of b. (e) Lattice fringes and (f) corresponding FFT result of c. (g-1) HAADF-STEM image
of PtPdCu-HS with different magnifications. EDX elemental mapping results of (j) Pt, (k) Pd, (1)

Cu, and (m) PtPdCu overlaid color mapping.



Figure 2 shows more detailed comparison of PtPdCu-S and PtPdCu-HS. As shown in
Figure 2a, the four peaks of PtPdCu-S and PtPdCu-HS match well with face-centered cubic (fcc)
Pt (ICDD no. 04-0802), Pd (ICDD no. 46-1043), and Cu (ICDD no. 85-1326), which are in
agreement with those of the previous reports.*>* After HNO; treatment, most of the Pd and Cu
were selectively removed, leaving Pt-enriched hollow structures of PtPdCu-HS, and the peaks of
PtPdCu-HS show an obvious shift towards lower 2 theta values, suggesting extension of the lattice
parameters due to the removal of Pd and Cu. The surface areas and porosities of PtPdCu-S and
PtPdCu-HS were measured by N» physisorption isotherms (Figure 2b), which indicate mesoporous
structures for both PtPdCu-S and PtPdCu-HS. The Brunauer-Emmett-Teller (BET) surface area of
PtPdCu-S was determined to be 46 m? g'!. After HNO; treatment, due to the formation of hollow
structures, the BET surface area of PtPdCu-HS increases a lot and reaches remarkably 107 m? g’!,
which is rare in metal-based catalysts (Figure S4 and Table S1). Figure S5 shows the pore size
distribution results of PtPdCu-HS and PtPdCu-S. As can be seen, PtPdCu-S exhibits a main pore
size distribution of 8.0 nm, while the main pore size distribution of PtPdCu-HS is reduced to 2.8
nm after nitric acid treatment, which can be ascribed to the formation of surface mesopores of
PtPdCu-HS after etching. The surface chemical states of PtPdCu-S and PtPdCu-HS were further
analysed by X-ray photoelectron spectroscopy (XPS). It can be seen from Figure 2c¢ that Pt has
diverse valence states such as Pt(0) (metallic Pt) and Pt(Il) (PtO and Pt(OH).) in these catalysts.
Owing to the higher electronegativity of Pt (2.28) than that of Pd (2.20) and Cu (1.90), usually Pt
atoms will withdraw electron density from Pd and Cu in their alloys, giving an increased electron
density on Pt.*** Thus, after removal of most Pd and Cu from PtPdCu-S, the Pt(0) 4fs;> peak of
PtPdCu-HS shifts 0.4 eV to a higher binding energy in contrast to that of PtPdCu-S. Such an

interaction between Pt and alloying atoms in PtPdCu-HS could contribute to the enhanced electron



transfer, enhanced ability of CO removal, improved MOR activity and stability compared to
PtPdCu-S.* The Pd 3d and Cu 2p signals of PtPdCu-S and PtPdCu-HS are shown in Figure 2d
and e. After HNOj treatment, the surface concentrations of Pd and Cu of PtPdCu-HS are too low
to be detected by XPS and the signals are not as obvious as that of PtPdCu-S, indicating a Pt-rich
surface of PtPdCu-HS, which is in agreement with the EDX elemental mapping results (Figure 1i-

m).
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Figure 2. (a) XRD patterns, (b) nitrogen adsorption/desorption isotherms, and XPS spectra

showing the (c) Pt 4f, (d) Pd 3d and (e) Cu 2p signals of PtPdCu-HS (up) and PtPdCu-S (down).

(f) Calculated models showing the surface atom distribution of fractal and non-fractal PtPdCu.

Calculated results showing the comparison of (g) surface atomic number and (h) surface area for

Model I and Model 1II.



In order to gain insight into the formation process of hierarchical fractal PtPdCu sponges,
a time-dependent experiment was carried out and the reaction process was monitored through
scanning electron microscopy (SEM). As can be seen from Figure S6, the fractal structure was fast
formed in 5 minutes, and prolonged reaction time only control the atomic ratio and pore structure.
Moreover, the compositional control experiments in Figure S7 proved Cu plays the key role in
forming the fractal sponges, and the synergetic reduction of Pd and Pt precursors can be considered
to lead to the formation of the surface porous structure for fractal PtPdCu sponges.

To further examine the advances of the fractal structures, DFT calculations were made to
characterize the surface atoms and surface area. Two models representing fractal and non-fractal
structures were built with a Pt, Pd, Cu atomic ratio of 8:1:1, as shown in Figure 2f. The blue, cyan,
orange, and yellow atoms represent Pt, Pd, Cu, and surface atoms, respectively. Compared to non-
fractal PtPdCu, fractal PtPdCu exhibited 23.5% higher surface atomic number (Figure 2g) as well
as 4.3% higher surface area (Figure 2h), which should lead to more exposed active sites, higher
mass transfer accessibility, and thus better catalytic performance.

Due to their unique fractal tri-metallic hollow structure with high surface porosity, PtPdCu-
HS are expected to show superior performance in electrocatalysis. The catalytic activity of
PtPdCu-HS toward MOR was studied using a three-electrode system. As reference materials,
homemade PtPdCu networks (denoted as PtPdCu-N; see Figure S8 for their structural
characterization), PtCu hollow sponges (denoted as PtCu-HS; see Figure S9 for their structural
characterization) together with commercial Pt/C were also tested for comparison. Figure 3a
illustrates cyclic voltammetry (CV) curves of different samples in Nj-saturated 0.1 M HCIO4
solution between 0.05 and 1.2 V at a sweep rate of 50 mV s™!. The specific electrochemical active

surface area (ECSA) of PtPdCu-HS, PtPdCu-N, PtCu-HS and commercial Pt/C catalysts were
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calculated by measuring the charges collected in the hydrogen adsorption/desorption region (0.05-
0.35 V) after double-layer correction and assuming a hydrogen monolayer adsorption electron of
210 pC cm?.#7* As shown in Figure 3b, the ECSA of the PtPdCu-HS (41.3 m? g'!) was found to
be higher than that of PtPdCu-N (33.3 m? g'!) and PtCu-HS (37.1 m? g!), which can be ascribed
to more exposure of the interior and exterior surface and remarkably high surface area. However,
compared to the commercial Pt/C (78.8 m? g'!), the ECSA of PtPdCu-HS is smaller due to its large
overall structure. Figure 3¢ shows the CV curves of PtPdCu-HS, PtPdCu-N, PtCu-HS and
commercial Pt/C in N2-purged 0.1 M HCl1O4 and 1 M CH30OH solution at a scan rate of 50 mV s
I, PtPdCu-HS gives a mass activity of 1.34 mA ugpc!, which is about 2.4, 2.2 and 3.9 times that of
PtPdCu-N (0.555 mA pgpi!), PtCu-HS (0.603 mA pgp:') and commercial Pt/C catalyst (0.343 mA
ugpe), respectively (Figure 3d). Moreover, the specific activity of PtPdCu-HS (3.24 mA cm?) is
about 1.9, 2.0 and 7.3 times that of PtPdCu-N (1.67 mA cm), PtCu-HS (1.62 mA cm™) and
commercial Pt/C (0.441 mA cm™), respectively (Figure 3e). The electrocatalytic performances of
PtPdCu-HS, PtPdCu-N, PtCu-HS, and commercial Pt/C are summarized in Table S2. Notably, the
catalytic performance of PtPdCu-HS is also superior to that of other previously reported Pt-based
catalysts (Table S3). Considering that Pt-based catalysts can be easily poisoned by CO-like
intermediate species during MOR, impeding further reactions, we evaluated the CO tolerance of
PtPdCu-HS by CO-stripping. Figure 3f compares CO-stripping curves of PtPdCu-HS, PtPdCu-N,
PtCu-HS and commercial Pt/C in 1.0 M HC1O4 solution. The onset overpotential of the CO electro-
oxidation on PtPdCu-HS is 0.767 V, which is much lower than that of PtPdCu-N (0.841 V), PtCu-
HS (0.846 V) and commercial Pt/C (0.851 V), implying a significant increase of CO resistance
ability.*>*° The improved anti-poisoning ability of PtPdCu-HS likely originates from the abundant

hollow fractal structure with high surface area, allowing the increased formation of adsorbed
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oxygen containing species (such as OH").>! These oxygen containing species will exert electronic

effect on poisonous COapbs species that are absorbed on adjacent Pt surfaces and will aid the removal

of these adsorbed poisonous species COabs as CO2.%? On the other hand, the ease of CO removal

from PtPdCu-HS may reflect the effectiveness of electron coupling between the Pt, Pd and Cu in

the alloyed nanoparticles.>®> Moreover, the superior CO tolerance of PtPdCu-HS catalyst can be

also explained by the surface of PtPdCu nanoparticles being enclosed with the (111) planes, as the

adsorption of poisoning species is lowest on Pt (111

a 121 —— PtPdCu-HS
— PtPdCu-N
~ 0.8+ —— PtCu-HS
£ 041 —Puc
Q
< 00
= 0.0
5-0.4
-0.8 1
-1.21 i i . . i i i
0.0 0.2 04 06 0.8 1.0 1.2
E !V (RHE)
|—pPtPdcu-Hs
c 25
—— PtPdCu-N
20— PtCu-HS
"‘E ——PtiC
v 15
<
E 10,
3
5 J
0 J
02 04 06 08 10 1.2
E /V (RHE)
e 4 [ PtPdCu-HS
B PtPdCu-N
3. [ PtCu-HS
o W PtC
£
Q
< 2
£
S 1]
Specific Activity

).54

(o)
[N
(=}
o

B PtPdCu-HS
EPtPdCu-N
_ 80{mmpicu-Hs
(=)} EmPt/C
e 604
X 401
i
20+
0
d 1.6
I PtPdCu-HS
B PtPdCu-N
+~ 1.2 I PtCu-HS
f— ’ B PUC
2
< 0.8
£
= 0.4
0.0 —
Mass Activity
f 4
— PtPdCu-HS
3]—PtPdCuN
N — PtCu-HS
; —PtiC
2
<L
£ 1
S ol
0.851V
1

0.0 0.2 0.4 0.6 0.8 1.0 1.2
E /V (RHE)

12



Figure 3. (a) CV curves, (b) ECSA, (C) CVs for methanol oxidation, (d) mass activity, (e) specific

activity and (f) CO stripping of PtPdCu-HS, PtPdCu-N, PtCu-HS and commercial Pt/C.

The accelerated durability tests (ADTs) were conducted by performing 2000 potential
cycles between 0.2 and 1.2 V versus reversible hydrogen electrode (RHE) in 0.1 M HCIO4 and 1.0
M CH30H solution with a sweep rate of 50 mV s™! at room temperature. The changes in CV curves
of PtPdCu-HS, PtPdCu-N, PtCu-HS and commercial Pt/C before and after ADTs are shown in
Figure 4. With increasing numbers of CV cycles, PtPdCu-HS displays a slight drop for the values
of current densities (Figure 4a). In contrast, the values of current densities for PtPdCu-N, PtCu-
HS and commercial Pt/C exhibit conspicuous drops (Figure 4b-d). The result demonstrates that
the electrochemical durability of PtPdCu-HS is also much superior to that of PtPdCu-N, PtCu-HS
and commercial Pt/C. Figure 4e shows the calculated mass activity of the four catalysts after ADTs.
After 2000 cycles, PtPdCu-HS exhibits mass activity of 1.08 mA pgp;!, which is about 2.5, 2.9
and 5.1 times that of PtPdCu-N (0.426 mA pgp!), PtCu-HS (0.375 mA pgpc!) and commercial
Pt/C catalyst (0.213 mA pgpi!), respectively. Meanwhile, the remained mass activity for PtPdCu-
HS is 80.6%, much better than PtPdCu-N (71.0%), PtCu-HS (67.6%) and commercial Pt/C
(62.1%). Besides, TEM characterizations further prove the high structural stability of PtPdCu-HS
after ADTs (Figure S10). Therefore, wherever compared to nonfratcal catalyst (PtPdCu networks),
bimetallic catalyst (fratcal PtCu hollow sponges) and commerical catalyst (commercial Pt/C), the
fractal trimetallic PtPdCu hollow sponges have demonstrated a greatly improved MOR activity
and durability. Moreover, as can be seen in Figure S10, the fractal structure of PtPdCu-HS after
ADTs remained unchanged and the nanoparticles still kept high dispersion without aggregation,

which explains the high stability of PtPdCu-HS.
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(d) commercial Pt/C after different cycles.

The synthesis scheme of PtPdCu-HS is depicted in Figure 5a. When the metal precursors
react with Al foil, Pt, Pd and Cu began to be reduced and PtPdCu clusters were quickly formed (i

and ii in Figure 5a). With the extension of time, the clusters evolved into fractal structures, and
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gradually grew to PtPdCu sponges with a Cu-rich alloy structure (iii in Figure 5a). To further
synthesize PtPdCu-HS, PtPdCu-S was treated by HNOj to remove most of the Pd and Cu, resulting
in a Pt-rich structure (iv in Figure 5a). Notably, PtPdCu-HS synthesized through this method not
only has a fractal structure, but also possesses fractal pores. A directed transfer effect mechanism
is proposed for the superior electrocatalytic performance of PtPdCu-HS. On the one hand, owing
to the thicker pore wall of the main pore compared to the sub-pore (di > d2, as proved by TEM
image in Figure 1h), the electrical resistance of the wall of the main pore is smaller than that of the
sub-pore (R; < R») according to the resistivity formula® (Formula I; derived from p = RS/L and S
= n(d/2)%, where p, R, S, L, and d are the resistivity, resistance, section area, length, and diameter
of the wall, respectively), resulting in the directed electron transfer from the thicker wall of main
pore to the thinner wall of sub-pore, which will make the metal atoms highly active for the capture
of methanol molecules. On the other hand, the size of the sub-pore is smaller than the main pore
(D1 < D»), the mass-transfer rate in the sub-pore will be faster than the main pore (V1 > V>)
according to the fluid formula® (Formula II; derived from V = Q/A and A = n(D/2)?, where V and
Q are the transfer velocity and flow rate of the transported mass, A and D are the section area and
diameter of the pore, respectively). This could result in the directed mass transfer from the sub-

pore to the main pore, facilitating the maximum exploitation of inner active Pt sites.
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Figure 5. (a) Scheme illustration of the synthesis of PtPdCu hollow sponges: (i) Galvanic
replacement between metal precursors and Al foil; (ii)) PtPdCu clusters; (iii) Fractal PtPdCu
sponges with Cu-rich alloy structure; (iv) Fractal PtPdCu hollow sponges with Pt-rich alloy
structure. (b) Scheme illustration of the directed mass- and electron-transfer effect mechanism in

PtPdCu-HS.

In summary, we have presented a simple galvanic replacement method for the synthesis of
efficient and durable hierarchical fractal PtPdCu sponges toward the MOR. The growth

mechanism involved in the morphological evolution and the role of composition have been
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illustrated. DFT results demonstrate that the fractal structure exhibits 23.5% higher surface atomic
number as well as 4.3% higher surface area in comparison with non-fractal structures. The unique
structure of PtPdCu-HS, including overall fractal morphology, hollow nanostructure, mesoporous
surface as well as trimetallic alloy, facilitates CO removal and endows the catalyst with high
activity and stability. Wherever compared to nonfractal catalysts, bimetallic catalysts or
commercial catalysts, the ternary hierarchically fractal PtPdCu sponges with high surface porosity
have exhibited notable improved catalytic activity, superior CO tolerance and enhanced
electrochemical durability for the MOR. The mechanism for the superior MOR activity of PtPdCu-
HS can be reasonably attributed to the directed mass- and electron-transfer brought about by the
hierarchical fractal pore structure, which facilitates reactant capture and the maximum exploitation

of inner active Pt sites.
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