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Abstract 

Selectively exposing active surfaces of Pt-based nanoframes (NFs) can promote 

electrocatalysis of small organic molecules, especially regarding improved diffusion and 

anti-poisoning properties. However, the systematic investigation on the synthesis, as well as 

structure-property relationship, of Pt-based NFs with tunable external and internal surface 

structures is still at its early stage. Herein, we report a facile, environmental and one-pot 

approach to fabricate PtCuNi NFs with tunable external and internal surface structures by 

flexibly adjusting coordination and reducing agents. Interestingly, electrocatalytic results 

reveal that the PtCuNi NFs with variable external structures possess higher performance 

(activity and anti-CO-poisoning capability) than those with tunable internal structures as well 

as commercial Pt/C. Especially, the PtCuNi eb-NFs (external branch NFs) exhibit the 

excellent specific activities of methanol and formic acid electrooxidation reactions (MOR and 

FAOR), 10.7 and 7.9 times higher than those of commercial Pt/C, respectively. The PtCuNi 

eb-NFs also possess a superior diffusion ability for methanol electrooxidation (0.0276) and 

formic acid electrooxidation (0.0153) compared to other PtCuNi NFs with plentiful internal 

surface. The enhanced MOR and FAOR activities of PtCuNi eb-NFs are ascribed to its 

abundant external surface area and high defect-density (e.g. vacancy, subtle lattice distortion 

and high-index facets), which results in an optimal anti-CO-poisoning capability due to the 

diffusion and ligand effects. This work opens up a new pathway for enhancing the 

electrooxidation properties (anti-poisoning property and diffusion rate) of liquid fuels by 

tuning the surface structures of nanoframe catalysts. 
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1 Introduction 

Direct formic acid fuel cell (DFAFC) and direct methanol fuel cell (DMFC) with polymer 

electrolyte as membranes are the excellent energy conversion approaches because of their 

high energy yield as well as low pollution 1-4. In spite of the speedy development of catalysts, 

the platinum (Pt) catalyst is still the most efficient catalyst in methanol and formic acid 

electrooxidation. However, Pt metal is quite expensive and easily poisoned by intermediate 

species (such as CO molecules) produced in formic acid and methanol electrooxidation 

process, which prevents its commercial application 5-8. Therefore, how to design methanol and 

formic acid electrooxidation (MOR and FAOR) catalysts with high activity, low-cost and 

excellent poisoning resistance will be of great significance for DFAFC and DMFC. 

Alloying with cheaper and more abundant transition metals are supposed as a universal 

strategy for enhancing the electrooxidation performance of Pt-based catalyst via the so-called 

ligand effect, that is, tuning the surface adsorption strength by electronic interaction between 

different metals 9-13. To further enhance the utilization efficiency of Pt, several methods were 

developed in recent studies, such as selective exposure of desired facets and architectural 

engineering with promising nanostructures (e.g. polyhedrons14, hierarchical/ultrathin 

nanowires15, 16, nanosheets17, 18, nanodendrites19, 20, nanoframes (NFs)21, 22). Among them, NFs 

with open structure are demonstrated to be an ideal architecture to boost MOR and FAOR 

properties, because of their efficient Pt utilization and optimized mass transport within this 

unique structure 23-25. Nevertheless, most of the previous works focus on the fabrication of 

NFs with novel structures, there is almost no research related to the design of NFs with 

tunable external and internal interface and the investigation of their effects on the properties 

of MOR and FAOR. The optimized external and internal interface of NFs can endow 
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excellent diffusion rate of poisonous species to the solution phase, which can restrain the 

adsorption of poisonous molecules (such as CO) on catalyst surface along with their high 

anti-poisoning property26-29. Moreover, the traditional synthesis of NFs usually involves the 

use of oleylamine (OAm) as the solvent and/or a time-consuming multi-step method, which is 

undesirable for industrial applications21, 30, 31. Therefore, the design of one-pot method to 

fabricate Pt-based (alloy) NFs with tunable external and internal surface structures and clarify 

their effects on MOR and FAOR properties is quite desirable, yet still a great challenge. 

In this research, a one-pot method is reported to fabricate the trimetallic PtCuNi NFs with 

tunable surface structures both in external and internal interface in aqueous solution. The 

synthetic strategy (Scheme 1) is based on the wet-chemical reduction route including 

polyvinyl pyrrolidone (PVP), glycine, alcohol species, NaI, CuCl2, NiCl2, and H2PtCl6. The 

external and internal surface structures of PtCuNi NFs can be tuned via crystal growth control 

by using different amount of coordination agent and reductant. To the best of our knowledge, 

it is rarely reported that the external and internal interface structure of trimetallic NFs can be 

continuously tuned in an aqueous synthesis system. Specifically, the PtCuNi external branch 

NFs (PtCuNi eb-NFs) with optimized large specific surface area, 3-dimension structure, and 

abundant active defect sites have exhibited superior catalytic performances for methanol and 

formic acid electrooxidation in comparison with Pt/C catalyst. The structure-performance 

relationship between the PtCuNi NFs and the corresponding electrocatalytic properties (e.g. 

activity, anti-poisoning property and diffusion rate) has also been in-depth investigated. 
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Scheme 1. Schematic illustration of PtCuNi NFs with tunable external and internal 

architecture. 

2 Experimental 

2.1 Synthesis of PtCuNi NFs 

Synthesis of PtCuNi NFs with tunable external structures. PtCuNi concave NFs (PtCuNi 

ec-NFs): Typically, 1.0 mL of CuCl2 solution (20.0 mM), 1.0 mL of NiCl2 solution (20.0 mM), 

2.0 mL of H2PtCl6 solution (19.3 mM), 0.7 mL of ethylene glycol, 150.0 mg of NaI, 200.0 mg 

of PVP, 303.4 mg of glycine were dissolved in a beaker and sonicated for 10.0 min, and 

further stirred for 12 h. The obtained solution was moved to a Teflon-lined autoclave. Then 

the mixture was heated to 200.0 °C and kept for 4 h. The final PtCuNi ec-NFs were obtained 

by centrifugation at 10000 rpm for 15.0 min, and continuous washed with a mixture of 
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deionized water, ethanol and acetone. The synthetic recipe of PtCuNi branch NFs (PtCuNi 

eb-NFs) is almost the same with that of PtCuNi ec-NFs except the glycine amount changing 

to 100.0 mg. The synthetic recipe of PtCuNi hexapod NFs (PtCuNi eh-NFs) is modified from 

that of ec-NFs, including the increase of NaI amount to 602.6 mg, and using ethanolamine 

(0.7 mL) instead of ethylene glycol. 

Synthesis of PtCuNi NFs with tunable internal structures. PtCuNi cavity NFs (PtCuNi ic-NFs): 

Briefly, 1.0 mL of CuCl2 solution (20.0 mM), 1.0 mL of NiCl2 solution (20.0 mM), 2.0 mL of 

H2PtCl6 solution (19.3 mM), 0.7 mL of methanol, 602.6 mg of NaI, 200.0 mg of PVP, 303.4 

mg of glycine were dissolved in a beaker and sonicated for 10.0 min, and stirred for another 

12 h. The obtained solution was moved to a Teflon-lined autoclave. And then the mixture was 

heated to 200.0 °C and kept for 3 h. The final PtCuNi ic-NFs were obtained by centrifugation 

at 10000 rpm for 15.0 min, and continuous washed with a mixture of deionized water and 

ethanol. The synthetic recipe of PtCuNi echelon NFs (PtCuNi ie-NFs) is almost the same with 

that of PtCuNi ic-NFs except the n-propanol (0.7 mL) instead of methanol. In comparison 

with PtCuNi ic-NFs, the synthetic recipe for PtCuNi heliciform NFs (PtCuNi ih-NFs) has 

been changed, including altering the reaction time to 30 min, using 1,3-propandiol (0.7 mL) 

instead of methanol, and microwave heating instead of oven heating.  

2.2 Characterization of PtCuNi NFs 

The external and internal structure of trimetallic PtCuNi NFs were measured by JEM 2100 

transmission electron microscope (TEM). The EDX elemental mapping and high angle 

annular dark-field imaging-scanning transmission electron microscopy (HAADF-STEM) 

images were detected by Tecnai F20 TEM. X-ray diffraction patterns (XRD) of these PtCuNi 
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NFs were conducted on a powder X-ray diffractometer equipped with a Cu radiation source (λ 

= 0.15406 nm). The loadings of the elements in PtCuNi NFs were detected by inductively 

coupled plasma-optical emission spectrometry (ICP-OES). X-ray photoelectron spectroscopy 

(XPS) analysis of PtCuNi NFs was performed on a PHI5000 Versaprobe system.  

2.3 Electrochemical measurements 

The measurements of MOR and FAOR on these PtCuNi NFs were finished on a CHI 760e 

electrochemical analyzer (CHI Instrument, CHN). Before the measurements, all these samples 

were reduced by hydrogen at 250 0C for 30 min. The Pt sheet, catalyst modified glassy carbon 

electrode (GCE, 3 mm in diameter) and saturated calomel electrode (SCE) were selected as 

the counter, working and reference electrode, respectively. Before the measurements, a GCE 

was continuously polished with 0.3 and 0.05 μm Al2O3 powders, respectively. Then, 6 μL of 

ethanol and water solution (ethanol/water = 1/1 volume ratio) containing 6 μg of PtCuNi NFs 

was dropped onto the surface of the prepared catalysts, and finally covered by 2 μL of 0.05 wt% 

Nafion (Alfa Aesar).  

The MOR (or FAOR) of these samples was carried out in a solution of 2 M CH3OH (or 0.25 

M HCOOH) in 0.5 M H2SO4 (N2-saturated). The cyclic voltammetry (CV) measurements 

were carried out under the temperature of 25 0C, and the potential was scanned with the range 

from −0.24 to 1.0 V (vs SCE) at a sweep rate of 50 mV s−1. The electrochemical surface areas 

(ECSA) of these PtCuNi NFs were obtained by using the hydrogen underpotential 

adsorption/desorption method. With regard to CO stripping tests, the GCE covered with 

PtCuNi NFs was first immersed in a CO-saturated 0.5 mol/L H2SO4 aqueous solution for a 

certain time. Then, the CO species in the solution without adsorbed on the catalyst surface 
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was removed by bubbling the GCE with N2 for 10 min. Stripping measurements of PtCuNi 

NFs were conducted with the potential scanned from −0.24 to 1.0 V (vs SCE) at the scan rate 

of 50 mV s–1. 

 

Figure 1. The TEM images, size frequency histograms (insert) and the corresponding 3D 

models of (a1-a4) PtCuNi ec-NFs, (b1-b4) PtCuNi eb-NFs, and (c1-c4) PtCuNi eh-NFs.  
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3 Results and discussion 

A one-pot reduction method was applied to fabricate PtCuNi NFs with tunable structure in the 

external and internal surface. In the synthesis process, copper chloride, nickel chloride and 

chloroplatinic acid were selected as the metal precursors, glycine, alcohol and NaI as the 

reducing agent and structure-directing agent, and deionized water as the solvent, respectively. 

The synthetic condition in this system was investigated to determine the important parameter 

in controlling the external and internal structure of PtCuNi NFs. Significantly, in this system, 

alcohol species were demonstrated to play the dominant role in governing the internal 

structure of PtCuNi NFs, while the glycine and NaI species were clarified as the main factors 

in controlling the external architecture of PtCuNi NFs. The optimized external and internal 

structure of PtCuNi NFs, combined a large amount of defects (e.g. vacancy, subtle lattice 

distortion and high-index facets), provides abundant coordinatively unsaturated sites for the 

efficient MOR and FAOR. 

3.1 Characterization of PtCuNi NFs with tunable external structures 

The morphologies of PtCuNi NFs with tunable external structures were characterized by TEM, 

and the representative images and the size distribution histograms are listed in Figure 1. The 

PtCuNi concave NFs (ec-NFs) in Figure 1(a1-a3) present a clear external concave structure, 

along with structure selectivity more than 90% and a face-to-face size of 15 nm. The 

pony-size PtCuNi ec-NFs can possess abundant active centers on the surface due to the high 

surface/volume ratio, which can enhance the utilization efficiency of Pt atoms. With the 

decreasing of the glycine amount from 303.4 to 100.0 mg and keeping other parameters 

identical, the external structure of PtCuNi NFs evolves from concave to branch (Figure 
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1(b1-b3)). The PtCuNi branch NFs (PtCuNi eb-NFs) exhibit a multihierarchical structure with 

a branch diameter of 8 nm, which can be in favor of the molecular reactant to contact the 

catalysts. In comparison with small nanoparticle materials, the eb-NFs improve the structure 

stability ascribed to the interconnection of the branches. Interestingly, PtCuNi hexapod NFs 

(PtCuNi eh-NFs, in Figure 1(c1-c3)) can be obtained when the NaI amount was increased to 

602.6 mg, and the ethanolamine instead of ethylene glycol was use. The average particle 

diameter measured by apex-to-apex on a single eh-NF particle is about 49 nm. Noteworthy, 

the surface of PtCuNi eh-NFs is rough and contains many small gullies and protrusions, 

contributing to the formation of more active sites. 

To further shed light on the external atomic arrangement of PtCuNi NFs, the HRTEM and 

HAADF-STEM characterization were performed (Figure 2 and Figure S1-S2). As observed 

(Figure 2(a-c)), the external surfaces of PtCuNi NFs samples are composed of abundant 

defects derived from the atomic vacancies, step atoms and/or high-index facets, which have 

been identified as the main active sites for the electro-oxidation of liquid fuels. HRTEM 

image presents that the PtCuNi ec-NFs, eb-NFs, and eh-NFs have an adjacent atom–atom 

distance of 0.216 nm (Figure S1), 0.217 nm (Figure 2) and 0.217 nm (Figure S2), respectively, 

which locates among the (111) plane of Pt (0.227 nm), Ni (0.203 nm) and Cu (0.209 nm), 

demonstrating the alloy structure of PtCuNi32-35. The HAADF-STEM micrographs and 

corresponding EDS elemental mapping analysis (Figure 2(d-k) clarify that the Pt, Cu and Ni 

elements are evenly located on the whole structure, further demonstrating the alloy phase of 

PtCuNi NFs. Moreover, the HRTEM images (Figure 2(a-c) and Figure S1) reveal that lattice 

fringes of PtCuNi eb-NFs and ec-NFs continuously cover the whole particle with the absence 

of any stacking faults, illuminating the presence of single crystal structures. The molar ratio of 
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Cu/Pt/Ni for ec-NFs, eb-NFs, and eh-NFs detected by ICP-OES is 23.2/76.5/0.3, 

23.4/76.0/0.6, and 22.3/76.3/1.4, respectively. 

 

Figure 2. (a) TEM, (b) atomic vacancies, and (c) high-index facet micrographs of PtCuNi 

eb-NFs. HAADF-STEM micrographs and corresponding EDS mapping analysis of (d-g) 

PtCuNi eb-NFs and (h-k) PtCuNi ec-NFs. (l) The XRD patterns and (m & n) XPS spectra of 

PtCuNi alloys with different external structures. 
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XRD patterns (Figure 2l) of PtCuNi NFs with different external structures exhibit the 

characteristic peaks of the face-centered cubic (fcc) Pt, without the typical peaks of Ni and/or 

Cu metal, demonstrating the formation of PtCuNi alloy36, 37, consistent with the results of 

HRTEM and EDS-mapping. In comparison with the plane of pure Pt, the diffraction peaks of 

ec-NFs, eb-NFs, and eh-NFs shift to the higher values of 40.74°, 40.68°, and 40.61°, 

respectively, indicating a contraction of the lattice after the partial substitution of Pt atoms by 

smaller Ni and Cu atoms. Moreover, the asymmetrical peaks around 40o with regards to 

PtCuNi eh-NFs can be assigned to its heterogeneous composition, which results from the 

co-existence of galvanic replacement and co-reduction reactions during the alloying process. 

The XPS was used to further analyze the external surface composition and valence state of 

PtCuNi NFs. As observed from Figure 2m, the PtCuNi NFs with tunable external structures 

possess the binding energies of Pt(0) 4f7/2 at 70.45-70.77 eV , transferring to lower energies 

relative to pure metallic Pt (70.90 eV). According to previous research38, these negative shifts 

of the Pt 4f7/2 binding energies of PtCuNi NFs are relative to the electron donation from Cu 

and Ni to Pt. In parallel, the binding energies (Figure 2n) of Cu(0) 2p3/2 of PtCuNi NFs 

transfer to higher energies compared with that of pure Cu (932.4 eV). The shift of the binding 

energy of the metal core level can result in the change of its d-band center relative to Fermi 

level 39-41. An upshift of d-band center induced by electronic interactions between different 

metals can result in stronger adsorption energy, on the contrary, a downshift of d-band center 

leads to a lower one42. Thus, the optimization of d-band center of these elements in PtCuNi 

NFs can improve their electrocatalytic performance of MOR and FAOR. 
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Figure 3. The TEM images, size frequency histograms (insert) and the corresponding 3D 

models of (a1-a4) PtCuNi ic-NFs, (b1-b4) PtCuNi ie-NFs, and (c1-c4) PtCuNi ih-NFs.  

3.2 Characterization of PtCuNi NFs with tunable internal structures 

The internal structures of PtCuNi NFs is of equal significance to the external structures due to 



14 

the exposure of the inside Pt active sites to contact with the reactants. The TEM (Figure 3) 

and HRTEM (Figure 4 and Figure S3-S4) present the detailed internal architecture of the 

PtCuNi NFs. The PtCuNi cavity NFs (PtCuNi ic-NFs) listed in Figure 3(a1-a3) possess a 

cavity in the center of the particle along with several mesochannels connecting to the external 

surface. The ic-NFs possess a high shape selectivity of approximate 95% and average 

apex-to-apex dimension of 20 nm. The PtCuNi echelon NFs (PtCuNi ie-NFs) were obtained 

when the methanol was substituted by n-propanol during the synthetic process. In comparison 

with ic-NFs, more interlaced mesochannels are formed and thread the inside of ie-NFs (Figure 

3(b1-b3)). The internal structure of PtCuNi NFs evolves from echelon to heliciform by 

changing the n-propanol into 1,3-propandiol. The PtCuNi heliciform NFs (PtCuNi ih-NFs) 

exhibit 3-dimensional heliciform structure in the internal ih-NFs with an average size of 52 

nm (Figure 3(c1-c3)). Moreover, as observed from the HRTEM images (Figure 4(a-c)), the 

internal surfaces of PtCuNi NFs consist of plenty of defects derived from the step atoms, 

atomic vacancies and interfacial dislocation. HRTEM images presents that the PtCuNi NFs 

with tunable internal structures have lattice spacing from 0.216 nm to 0.219 nm, which 

locates among the (111) planes of fcc Pt (0.227 nm), Ni (0.203 nm), and Cu (0.209 nm), 

demonstrating the solid-solution phase of PtCuNi NFs with tunable internal surface. The 

HAADF-STEM micrographs and corresponding EDS elemental mapping analysis (Figure 

4(d-k) and Figure S3(c-f)) reveal that the Pt, Cu and Ni elements are uniformly located on 

entire framework, further certifying the alloy phase of PtCuNi NFs with different internal 

structures. The molar ratio of Cu/Pt/Ni for ic-NFs, ie-NFs, and ih-NFs detected by ICP-OES 

is 22.0/77.1/0.9, 31.0/54.1/14.9, and 17.1/80.6/2.3, respectively. 
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Figure 4. (a) TEM and (b and c) HRTEM micrographs of PtCuNi ih-NFs. HAADF-STEM 

micrographs and corresponding EDS mapping analysis of (d-g) PtCuNi ih-NFs and (h-k) 

PtCuNi ie-NFs. (l) The XRD patterns and (m & n) XPS spectra of PtCuNi NFs with different 

internal structures. 

 

XRD patterns (Figure 4l) of PtCuNi NFs were obtained to further characterize the phase of 

PtCuNi NFs with tunable internal architecture. The diffraction peaks indexed to the (111), 

(200) and (220) planes of PtCuNi alloy are both located to the sites among the values of fcc Pt, 

Ni, and Cu, confirming the formation of PtCuNi alloy, consistent with the results of HRTEM 
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and EDS-mapping. The alloy phase and surface composition of the PtCuNi NFs with tunable 

internal architecture were further determined by XPS. The PtCuNi NFs with tunable internal 

structures show the binding energies of Pt(0) 4f7/2 at 70.62-70.75 eV (Figure 4(m)), revealing 

the negative shift of the Pt 4f7/2 peaks compared to that of pure metallic Pt (4f7/2: 70.90 eV)38, 

43, 44. The negative shift of the Pt 4f7/2 peaks is attributed to the optimized electronic structure 

of Pt after the implantation of Cu and Ni atoms. The binding energies (Figure 4(n)) of Cu(0) 

2p3/2 of PtCuNi NFs transfer to higher energies compared with that of pure Cu (932.4 eV). 

Moreover, the Ni 2p peak intensities for PtCuNi NFs are almost undetectable assigned to the 

low content of Ni in PtCuNi NFs. 

Based on the above discussion, it can be concluded that the external and internal structures of 

PtCuNi NFs are mainly controlled by the alcohol, glycine and NaI species during the 

synthetic process. The n-propanol, 1,3-propandiol and methanol have a great effect on 

tailoring the internal structures of PtCuNi NFs, while the glycine and NaI species are the main 

factors in fabrication of unique external structure. To further study the formation mechanism 

of PtCuNi NFs with tunable interfacial structures, the interaction between the stabilizing and 

reducing agents and Pt(IV), Ni(II), and Cu(II) species were studied by UV-vis spectroscopy. It 

can be revealed that the Pt (IV) ions have a strong coordination with ethanolamine and NaI 

species, while exhibit nearly no interaction with glycine, n-propanol, 1,3-propandiol, ethylene 

glycol and methanol (Figure 5 and Figure S5-S9). The Cu (II) ions have obviously 

coordination with glycine, ethanolamine, NaI and ethylene glycol species, while possess weak 

interaction with n-propanol, 1,3-propandiol and methanol. Additionally, as observed from the 

UV-vis spectra results, the Ni (II) ions almost have no coordination with all the above 

reagents except ethylene glycol. Moreover, I- ions can selectively adsorb on the (100) facets 
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of Pt and alter their atomic addition on the surface facets, and further affect the final structure 

of PtCuNi NFs. Taken together, these coordinating and/or structure-directing agents can 

control the nucleation/growth kinetics of trimetallic PtCuNi NFs, which further result in the 

variable external and internal structures. 

 

Figure 5. In-situ UV-vis spectroscopy studies of the interaction between (a-c) 1,3-propandiol 

and (d-f) ethanolamine and Pt(IV), Cu(II) and Ni(II) ions. 
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Figure 6 Cyclic voltammogram (CV) curves of (a) methanol and (b) formic acid 

electrooxidation over PtCuNi NFs with different external surface and Pt/C. i−t curves of these 

catalysts for (c) methanol (at 0.4 V) and (d) formic acid (at 0.06 V) electrooxidation. Specific 

activities of (e) MOR and (f) FAOR calculated by J normalized to the ECSA. 

3.3 Catalytic performance for electro-oxidation of liquid fuels 

MOR and FAOR were used as the probe reactions to investigate the surface structure and 

defect effects on the electrocatalytic performance of the as-synthesized PtCuNi NFs as well as 

commercial Pt/C catalyst. Figure 6a displays the cyclic voltammograms of methanol 

oxidation of the eh-NFs, ec-NFs and eb-NFs PtCuNi alloy with different external structures. 

The specific current density (J) was normalized to the ECSA obtained from the hydrogen 
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adsorption/desorption method (Figure S10)11, 45. The peak current densities for MOR in the 

positive potential scan for eh-NFs, ec-NFs, eb-NFs PtCuNi, and commercial Pt/C were 4.89, 

4.53, 6.01, and 0.56 mA/cm2, respectively. The eb-NFs showed higher specific activity than 

other samples, which can be assigned to their unique geometry associated with high 

defect-density. The oxidation current density in the positive potential of eb-NFs is 

approximately 10.7 times bigger than that of Pt/C. The electrocatalytic retention of PtCuNi 

catalysts with different external structures was measured by chronoamperometry curves. As 

listed in Figure 6c, the activity retention of PtCuNi catalysts follows the order of PtCuNi 

eb-NFs > PtCuNi eh-NFs > PtCuNi ec-NFs > Pt/C. Additionally, we also found the activity 

enhancement of PtCuNi NFs with tunable external structures for formic acid electrooxidation 

relative to the benchmark Pt/C. These catalytic results (Figure 6b, 6d and 6f) of formic acidic 

electrooxidation are consistent with those of MOR. The excellent electrocatalytic activity of 

PtCuNi eb-NFs for both oxidation reactions can be attributed to the abundant coordinatively 

unsaturated sites derived from high-index facets and vacancy defects in the external surface. 

In parallel, the PtCuNi NFs with variable internal structures were also evaluated by MOR and 

FAOR. Figure 7a compares the intrinsic activities of various catalysts for MOR, shows an 

activity trend of PtCuNi ih-NFs > PtCuNi ie-NFs > PtCuNi ic-NFs > Pt/C, in line with the 

observation of anodic peak current density. Notably, the PtCuNi ih-NFs show more than 7.0 

times of magnitude increasement in specific activity compared with commercial Pt/C. We also 

assessed the electrocatalytic stability for MOR by means of chronoamperometry test. As 

observed (Figure 7c), the activity retention of PtCuNi catalysts follows the order of PtCuNi 

ih-NFs > PtCuNi ie-NFs > PtCuNi ic-NFs > Pt/C. Additionally, we also found activity 

enhancement of our PtCuNi NFs with variable internal structures for formic acid 

electrooxidation relative to the benchmark Pt/C (Figure 7b, 7d and 7f). The excellent activity 
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of PtCuNi ih-NFs for both electrooxidation reactions can be attributed to the abundant 

coordinatively unsaturated sites, including step vacancy defects, intragranular and interfacial 

dislocation in the internal surface. For comparison, the bimetallic PtCu and PtNi alloys 

(Figure S11) were also synthesized and evaluated in this study. The PtCu and PtNi alloys both 

exhibit insufficient activities compared to PtCuNi NFs (Figure S12), clarifying that the Cu 

and Ni atoms in trimetallic PtCuNi NFs can synergistically optimize the electronic structure 

of PtCuNi and further boost their performances of MOR and FAOR. 

 

Figure 7 Cyclic voltammogram (CV) curves of (a) methanol and (b) formic acid 

electrooxidation over PtCuNi NFs with different internal surface and Pt/C. i−t curves of these 

catalysts for (c) methanol (at 0.4 V) and (d) formic acid (at 0.06 V) electrooxidation. Specific 

activities of (e) MOR and (f) FAOR calculated by J normalized to the ECSA. 
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Figure 8 The plots of mass activity J (mA/μgPt) versus the square root of the scan rate (v1/2) 

for (a) MOR and (b) FAOR. (c) The slope histogram of eb-NFs, ih-NFs and Pt/C obtained 

from the fitting of J versus v1/2. (d) The mass activity histogram of eb-NFs, ih-NFs and Pt/C 

for MOR and FAOR with the scan rate of 50 mV/s. 

The electrooxidation kinetics of methanol and formic acid over the as-synthesized PtCuNi 

NFs with different internal and external structures were measured by an accelerated durability 

test. Different scan rates changing from 10 to 100 mV s-1 during CV measurement were 

conducted. Figure 8a and 8b present the plots of the mass activity (mA/μgPt) versus the square 

root of the scan rate (mV/s) 1/2. As observed from Figure 8, the square root of the scan rate 

presents linear relationship with the mass activity, which clarifies that the MOR and FAOR on 

these catalysts follow the diffusion controlled process. The slope values of PtCuNi eb-NFs, 
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PtCuNi ih-NFs and Pt/C for MOR (FAOR) are 0.0276 (0.0153), 0.0240 (0.0089), and 0.0242 

(0.0077), respectively. The higher slope value of the PtCuNi eb-NFs in comparison with those 

of PtCuNi ih-NFs and Pt/C demonstrates the enhancement of methanol and formic acid 

diffusion rates on PtCuNi eb-NFs46, 47. The excellent diffusion ability of PtCuNi eb-NFs for 

MOR and FAOR can be attributed to the optimized surface structures along with plentiful 

external surface area. 

 

Figure 9 CO-stripping voltammogram curves of (a) PtCuNi ic-NFs, (b) PtCuNi ie-NFs, (c) 

PtCuNi ih-NFs, (d) PtCuNi eh-NFs, (e) PtCuNi ec-NFs and (f) PtCuNi eb-NFs. 
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To further investigate the poisoning resistance of PtCuNi NFs during MOR and FAOR 

processes, CO-stripping experiments were carried out. As previously demonstrated48-51, 

Pt-COads is a poisoning intermediate and hinders the reaction processes of methanol and 

formic acid electrooxidation. The adsorbed COads molecules are difficult to be eliminated 

unless the OHads species was generated on the surface of catalyst. As observed from the 

CO-stripping results (Figure 9), it is revealed that the adsorbed COads species on PtCuNi 

surface is completely oxidized in the first CV cycle. According to the poisoning resistance 

studies in MOR and FAOR, the Pt surface imbedded with an oxophilic metal adsorbs 

hydroxyl groups (OHads) at lower potential than that of pure Pt surface31, 36. Fortunately, the 

additional Cu and Ni atoms in the PtCuNi alloy surface can adsorb OHads species at a lower 

potential, serving as the oxidant to efficiently eliminate the COads species. As observed in 

Figure 9 and Table S1, the peak potentials of COads oxidation over PtCuNi NFs present a 

down-shift relative to commercial Pt/C, clarifying the improved CO anti-poisoning property 

on PtCuNi NFs. Specifically, among these catalysts, the PtCuNi eb-NFs show the largest 

down-shift (peak potential 0.55 V). Noteworthy, the PtCuNi NFs with variable external 

structures exhibited better anti-CO-poisoning capability than PtCuNi NFs with tunable 

internal surface structures, which can be attributed to the faster diffusion rate and decreased 

readsorption of CO species in the external surface. 
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Scheme 2. Schematic illustration of the surface structure model, MOR and FAOR processes 

over (a) PtCuNi eb-NFs and (b) PtCuNi ih-NFs.   

3.4 Structure-activity relationship 

Based on the above discussion, it is concluded that the PtCuNi NFs with variable external 

structures possess higher performance (activity and anti-CO-poisoning capability) than those 

with tunable internal structures as well as commercial Pt/C, which can be assigned to the 

following points (Scheme 2). First, the PtCuNi NFs with plentiful external surface area endow 
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excellent diffusion rate of poisonous species to the solution phase, which can restrain the 

adsorption of poisonous molecules (such as CO) on PtCuNi NFs surface. Compared with 

PtCuNi NFs with affluent external surface, PtCuNi NFs with abundant internal surface area 

exhibit poor diffusion rate of reaction molecules (such as the CO species in the internal 

mesochannels), resulting in their lower CO anti-poisoning ability, consistent with the CO 

stripping measurement results. Second, the introduction of Cu and Ni atoms into the Pt lattice 

can optimize the electronic structure of PtCuNi NFs, which can decrease the adsorption 

probability of poisonous species (such as CO molecule) on PtCuNi NFs and thus improve 

their MOR and FAOR activities. Third, the PtCuNi alloys with nanoframe morphology 

possess three-dimension structure, which can increase their surface area and provide plentiful 

catalytic sites to reactant species. Finally, the PtCuNi NFs with high density of vacancy, 

high-index facets and subtle lattice distortion can contribute to the formation of more 

coordinatively unsaturated sites (defects). These defects are considered as the main catalytic 

sites for MOR and FAOR, especially for the enhanced OH adsorption ability, further boosting 

their resistance to CO poison. Therefore, the external surface-constructed PtCuNi NFs with 

high defect-density (such as PtCuNi eb-NFs) are proposed as the excellent electrocatalysts for 

MOR and FAOR applications. 

4 Conclusion 

Three-dimensional PtCuNi NFs with tunable external- and internal-surface structures were 

successfully synthesized by a one-pot wet-chemical reduction approach. Alcohol species were 

clarified to play the dominant role in governing the internal structure of PtCuNi NFs, while 

the glycine and NaI species were demonstrated as the main factors in controlling the external 

architecture of PtCuNi NFs. The optimized external structure of PtCuNi NFs, combining with 
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a large amount of defects and high-index facets, provides abundant catalytic sites and 

excellent diffusion rate for the MOR and FAOR. The catalytic results showed that the PtCuNi 

eb-NFs with plentiful external surface area exhibit higher anti-CO-poisoning capability and 

better specific activity than those with tunable internal structures as well as commercial Pt/C. 

Thus, our work suggests that the electrooxidation performance (anti-poisoning property and 

diffusion rate) is best enhanced by increasing the external rather than the internal surface area. 

This insight is important for improving the synthesis of future catalysts. 
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