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The methanol oxidation reaction is the bottleneck for direct methanol fuel
cells. Unfortunately, the state-of-the-art Pt-based catalysts suffer heavily from
the CO poisoning problem. Isolating Pt atoms in a material can avoid CO
poisoning. However, single-atom Pt catalysts alone are inert towards methanol
oxidation reaction. Here, we report high-entropy alloyed single-atom Pt cata-
lysts, in which single-atom Pt sites are alloyed with non-noble elements in a
high-entropy structure. This catalyst not only possesses active Pt sites but also
inherits the ability of single-atom Pt to resist CO poisoning. Consequently, the
catalyst shows a notable mass activity of 35.3 A mg™ at only 2.3 at% Pt and
maintains high activity even after operation for 180,000 s. Both experimental
and theoretical results reveal that the high-entropy structure induces a
synergistic effect, wherein the elements coordinated around single-atom Pt
sites effectively remove adsorbed CO from Pt. This mechanism facilitates the
key reaction steps of methanol oxidation reaction and avoids CO poisoning.

This work presents a high-entropy alloyed single-atom strategy to realize
efficient and durable methanol oxidation reaction catalysis with low costs.

The extensive extraction and use of fossil fuels have caused serious
negative impacts on the environment. Consequently, the develop-
ment of renewable and environment-friendly alternative energy
sources is essential' . Since the early 1950s, direct methanol fuel cells
(DMFCs) have attracted widespread attention because of their
environmental friendliness, high energy density, low cost, and
portability*”. There are two crucial semi-reactions in DMFCs: the
methanol oxidation reaction (MOR) at the anode and the oxygen
reduction reaction (ORR) at the cathode. To date, ORR, which plays
an important role in fuel cells and metal-air batteries, is relatively
mature. By contrast, MOR, which involves complex six-electron
transfer processes and exhibits more sluggish kinetics, is considered
to be the bottleneck of DMFCs’. It is widely accepted that the MOR
has a dual-pathway mechanism entailing an indirect CO pathway and
direct CO-free pathway**’. Although Pt remains the state-of-the-art

active catalyst for MOR, it is expensive and suffers heavily from the
poisoning problem in MOR due to the inevitable occurrence of CO
pathway on Pt surface and the strong binding between CO inter-
mediates and Pt, blocking active sites and impeding the reaction
process®* ™. Ideal MOR catalysts require simultaneous high mass
activity (MA) and anti-CO poisoning capability’>",

Numerous studies have shown that the formation of *CO in
MOR requires at least three contiguous Pt atoms™**, Consequently,
decreasing the Pt content, or ideally isolating Pt atoms in a material
should suppress the CO pathway and avoid CO poisoning. In this
regard, single-atom Pt (SA-Pt) is a potential poisoning-free MOR
catalyst. However, SA-Pt alone has little or no MOR activity because
it cannot activate C-O bonds'*™". The MOR catalytic activity of SA-Pt
has been increased by adjusting its coordination environment, e.g.,
dispersing SA-Pt on precious-metal substrates like Ru or RuO,***.
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However, these methods are expensive and have limited capability
to improve the activity of SA-Pt.

High-entropy alloys (HEAs), which generally consist of five or
more distributed elements in a single phase™****, are emerging as
MOR catalysts. The cocktail effect induced by the alloying of multiple
elements provides multiple active sites and regulates the adsorption
energy of reaction intermediates® . Some Pt-containing HEA cata-
lysts display relatively high MOR activity”. However, current HEA
catalysts still require Pt to facilitate the mixing of elements or form
intermetallic compounds. This situation results in contiguous Pt atoms
in the HEA lattice, and thus the CO pathway is not fully suppressed and
CO poisoning still occurs™*"., Therefore, HEA catalysts are limited by
the trade-off between the needs for contiguous Pt atoms to enhance
MOR activity and isolated Pt atoms to suppress CO poisoning. Devel-
oping catalysts with atomically dispersed Pt sites, high MOR activity,
and strong resistance to CO poisoning remains highly desirable but
challenging.

Here we report high-entropy alloyed single-atom Pt (denoted
hereafter as HEASA-Pt), which behaves as an active MOR catalyst
without suffering from CO poisoning. Our design combines the high
activity of the HEA structure and anti-CO poisoning capability resulting
from the single-atom Pt sites in the alloy lattice. The designed HEASA-
Pt, Pt;-NiCoMgBiSn, exhibits a notable mass activity of 35.3 Amg™ (at
2.3 at% Pt), which is much higher than the activities of other MOR
catalysts and commercial SA-Pt on carbon substrates (SA-Pt@C). Such
high activity originates from the synergistic effect of multi-element
coordination at each single-atom Pt site in Pt;-NiCoMgBiSn. The
HEASA-Pt catalyst maintains high mass activity even after operation for
180,000 s, demonstrating good durability. In-situ Fourier transform
infrared (FT-IR) spectroscopy and CO stripping tests reveal the good
anti-CO poisoning capability of HEASA-Pt. Density functional theory
(DFT) calculations indicate that the high-entropy design modifies the
coordination environment and electronic structure of HEASA-Pt,
which weakens *CO adsorption and facilitates the HCOOH pathway
simultaneously, thereby accelerating the MOR and suppressing CO
poisoning.

Results

Design and synthesis of HEASA-Pt

Rapid cooling is essential to construct HEAs. In this work, HEASA-Pt
was synthesized by an in-situ Joule-heating method using carbon
nanotube (CNT) films, which reached a cooling rate of over 1000 °C/s*.
The CNT films, which were used as both the heat source and substrate,
were obtained through vacuum filtration of super-aligned CNTs*,
Precursors including metal chlorides/chlorometal acids were dip coated
on a CNT film. The CNT film coated with the metal precursors was
rapidly Joule-heated to ~1100 °C by applying a certain voltage in a mixed
atmosphere of 10% H,/90% Ar. After several seconds, the heating vol-
tage was removed, which caused the CNT film to naturally cool very
rapidly (Supplementary Fig. 1), resulting in the growth of single-phase
HEA nanoparticles on the CNT film. Refer to the Methods section for
further details.

Theoretically, if the content of Pt is very low, most of the Pt atoms
will exist in the form of isolating atomic sites in high entropy alloys
rather than form Pt-Pt bonds with each other (Fig. 1a). It is worth noting
that the HEASA-Pt can be synthesized only when the Pt content in
precursor is very low (<4 at% relative to all metal elements). When the
Pt content in precursor gets higher (>5 at%), the probability of forming
contiguous Pt atoms increases and the product will be typical Pt-
contained high-entropy alloy nanoparticles (hereafter denoted as HEA-
Pt), in which Pt atoms may bond to each other. To obtain other
coordination elements, DFT calculations were performed to establish a
foundation for the design of HEASA-Pt with enhanced activity and
durability, focusing on the adsorption energy of key intermediates in
MOR. As the first order of approximation, we introduced a doping Co/

Ni/Bi/Sn atom onto Pt(111) surface to evaluate the individual con-
tribution from each kind of element in HEASA-Pt (Supplementary
Fig. 2). Co and Bi have been reported to promote electron transfer in
catalysts, lowering the oxidation energy barrier of *CO and facilitating
the MOR*!, Ni and Sn can act as oxyphilic elements to enhance the
adsorption of OH", thereby accelerating the oxidation of *CO and
improving the anti-CO poisoning ability of catalysts***2. The effects of
the alloying elements could be separated into two categories. On the
one hand, modification of the coordination environment around Pt
influences its reactivity. As shown in Fig. 1b, doping with a Bi or Sn atom
weakened CO binding on adjacent Pt sites, suppressing CO poisoning,
which is a well-known degradation mechanism of Pt-based MOR cat-
alysts. On the other hand, coordination elements surrounding Pt may
act as reactant donors or even new active sites, as well as dispersants
and electronic-structure modulators. As demonstrated in Fig. 1c, OH
adsorption on Co, Ni, or Sn is comparable to that on Pt, and thus these
dopants can potentially serve as OH donors to supply sufficient OH
species to MOR intermediates at active Pt sites, thereby facilitating
oxidation processes. Additionally, the similar *CO adsorption on Co
and Pt sites may assist in transferring CO from Pt to Co sites, where it
can be oxidized by reaction with OH species on Co, thus promoting the
reaction cycle at Pt sites. Moreover, we found that Mg doping would
lead to a more negative valence state of Pt (Supplementary Fig. 3).
Therefore, Mg was chosen as an electron-donor element to increase
the electron density around Pt sites, thus weakening the adsorption of
potentially poisoning carbonaceous species. Notably, Bi can have dif-
ferent effects on the catalyst®***. When the Bi content is low, Bi can
form BiO,(OH),~Pt inverse interfaces to promote the MOR process.
However, when the Bi content is too high, excess Bi species can
aggregate and block Pt sites, degrading the MOR performance of
catalysts™*. As a result, the Bi content should be moderate. Conse-
quently, HEASA-Pt was constructed from Co, Ni, Sn, Bi, Mg, and a small
amount of Pt.

Characterization of HEASA-Pt

Aberration-corrected high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) and corresponding
energy-dispersive spectrometry (EDS) elemental mapping were first
used to characterize the formation of single-atom Pt sites in HEASA-Pt
(Fig. 2a, Supplementary Fig. 4 and 5). The EDS elemental mapping
images show that all six elements are distributed homogeneously in
large and small nanoparticles of HEASA-Pt. In particular, Pt is present at
very sparse locations across an entire nanoparticle especially in the
thinner edge regions, implying atomic-level distribution. There are
some bright isolated spots in the HAADF-STEM images (Supplemen-
tary Fig. 6), suggesting that the elements with high atomic number,
such as Pt or Bi (which are difficult to distinguish), likely to exist in the
form of single atom sites. Inductively coupled plasma-optical emis-
sion spectroscopy (ICP-OES) was used to determine the elemental
contents of HEASA-Pt and HEA-Pt. ICP-OES confirmed that the opti-
mized HEASA-Pt catalyst contained all the six elements (Pt, Co, Ni, Sn,
Bi, and Mg) with the Pt content of only 2.3 at% (Supplementary
Tables 1and 2).

We further conducted X-ray absorption fine structure (EXAFS)
and X-ray absorption near-edge structure (XANES) measurements to
investigate the coordination environment of Pt atoms in the HEASA-Pt.
The intensity of the white line of Pt L3-edge XANES of HEASA-Pt and
HEA-Pt was slightly higher than that of Pt foil but much lower than that
of PtO,, indicating that Pt in the HEAs is mainly in a metallic state rather
than an oxidized form (Fig. 2b). The EXAFS spectrum of HEASA-Pt
shows a broad peak, which should be caused by the interaction of
multiple elements around Pt. By contrast, the EXAFS spectrum of HEA-
Pt appears more similar to that of Pt foil (Fig. 2c). To verify whether Pt
atoms are isolated in HEASA-Pt, we fitted the magnitude of the Fourier
transform of the ks-weighted EXAFS data. The data used for the EXAFS
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Fig. 1| Design of HEASA-Pt as an MOR catalyst. a Schematic illustration of HEASA-
Pt nanoparticles on CNTs and the corresponding MOR mechanism. Red dashed
circles indicate the Pt atoms existing in single-atom state in the high-entropy lattice.
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Pt(111) surface and doped Pt(111) surfaces with Sn and Bi. For the doped surfaces,
only adsorption sites within the first coordination shell of doping atoms are con-
sidered. The error bars represent standard deviations. ¢ Comparison of adsorption
energies of CO and OH intermediates in MOR on Pt site and other doping Co/Ni/Sn
atop sites. Source data for Fig. 1b—c are provided as a Source Data file.

fitting are provided in Supplementary Fig. 7 and Table 3. The coordi-
nation number of Pt-Pt in HEASA-Pt obtained from the fitting was
1.2+ 0.3 (Fig. 2d and e and Supplementary Table 4), suggesting that
there are few or no Pt-Pt bonds in HEASA-Pt. Wavelet transforms (WTs)
of EXAFS spectra also revealed the absence of Pt as coordination atoms
at Pt sites of HEASA-Pt. This is because neither strong Pt-Pt nor Pt-O
coordination was observed in the WT contour plots of HEASA-Pt
(Fig. 2g). By contrast, the EXAFS fitting results for HEA-Pt gave a high
coordination number of Pt-Pt (4.4 +0.2) and decreased coordination
numbers of other elements (Fig. 2d and f and Supplementary Table 4).
Strong Pt-Pt coordination was also observed in the WT contour plots of
HEA-Pt. Except for the strong Pt-Pt coordination, the WT contour plots
of HEA-Pt were similar to those of HEASA-Pt because of their similar
high-entropy lattice structures, but both of them differed greatly from
those of Pt foil and PtO,.

The morphology of HEASA-Pt was observed with transmission
electron microscopy (TEM) and scanning electron microscopy (SEM).
As shown in Supplementary Fig. 8-10, the as-synthesized catalyst
particles were uniformly distributed on CNTs and exhibited nanoscale
sizes. Most nanoparticles had diameters of less than 7 nm, averaging
~3nm (Supplementary Fig. 9). At each magpnification, no obvious
core-shell structures were observed (Supplementary Fig. 6 and 8). An
X-ray diffraction (XRD) pattern of HEASA-Pt showed two peaks at
around 43.8° and 51.2°, which were assigned to the (111) and (200)
facets, respectively, of a face-centered cubic phase (Supplementary
Fig. 11). No other peaks were observed in the XRD pattern, meaning
that HEASA-Pt consisted of a single phase. The lattice constant of

HEASA-Pt was calculated to be ~3.6 A, confirming the formation of an
alloy phase. Spherical aberration-corrected transmission electron
microscopy (AC-TEM) showed that the (111) interplanar distance of
HEASA-Pt was about 2.1A and the {111} planes had an angle of 70.5°
(Supplementary Fig. 12), consistent with the (111) interplanar distance
calculated from XRD results. As the Pt content increased and the
product changed from HEASA-Pt to HEA-Pt, the XRD peaks shifted to
smaller angle because of the relatively large atomic radius of Pt, indi-
cating a larger lattice constant (Supplementary Fig. 11). The HAADF-
STEM and EDS elemental mapping images revealed the homogeneous
distribution of Pt, Mg, Bi, Sn, Co, and Ni in both HEASA-Pt and HEA-Pt
(Supplementary Fig. 13 and 14). X-ray photoelectron spectroscopy
(XPS) also confirmed the presence of all six elements in both samples.
As shown in Supplementary Fig. 15, Pt° 4f;, and Pt° 4fs;, peaks
appeared at 71.7 and 74.7 eV, respectively, indicating that Pt mainly
exists in a metallic state, which is consistent with the XANES results.

MOR electrocatalytic performance and DMFC measurements

The electrochemical performance of the catalysts was measured using a
three-electrode configuration with the as-synthesized HEASA-Pt/CNT
and HEA-Pts/CNT films as working electrodes. Cyclic voltammetry (CV)
curves of HEASA-Pt in 1M KOH (Supplementary Fig. 16) showed obvious
redox peaks of Bi at around -0.5 and -0.7 V. As the number of CV
cycles increased, the two redox peaks of Bi weakened, which should
result from the surface reconstruction and stabilization of Bi on the
catalyst surface during cycling. Figure 3a shows CV curves of samples
with different Pt contents in a mixed solution of 1M KOH and 1M
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methanol. In the forward scan, HEASA-Pt had an onset potential around
0.5V vs. RHE and the current rapidly increased to a peak value at about
0.8V vs. RHE, which was lower than the peak potentials of Pt/C and HEA-
Pt (around 0.85-0.9 V vs. RHE). The MOR mass activity of the catalysts
increased as the Pt content decreased from 17.6 to 3.1 at% and remained
almost unchanged when the Pt content was <3.1 at% (Fig. 3b), where
HEASA-Pt is considered to have been constructed. The HEASA-Pt cata-
lysts with Pt contents of 1.1-3.1 at% exhibited notable MOR mass activity
exceeding 30 Amg™, and when the Pt content is 2.3 at%, the HEASA-
Pt, 39 has the highest mass activity, 35.3 Amg™, outperforming com-
mercial Pt/C catalyst (1.56 A mgl), SA-Pt@C (almost no catalytic activity),
and HEA-Pt with higher Pt contents (3.65-17.6 Amg™) (Fig. 3(a,b), Sup-
plementary Figs. 17-19). These results suggest that the HEASA-Pt cata-
lysts exhibit high mass activity at a low Pt content, which is comparable
to other SA-Pt and state-of-the-art MOR catalysts (Supplementary
Fig. 20, Supplementary Tables 5 and 6)>15'6202243233541  Moreover,
because some elements besides Pt, including Pd, Rh, and Co, are also
expensive, and thus we considered the cost of all metal precursors when
calculating the cost activity (A/$). As shown in Supplementary Fig. 21,
our HEASA-Pt achieved a higher cost activity than other state-of-the-art
Pt-containing catalysts. This result reveals that HEASA-Pt is cost-effective
because of the single-atom distribution of Pt in the high-entropy lattice.

Long-term activity is desirable for MOR catalysts. In addition to
CO poisoning and mass transfer problems, the inevitable precipitation
of carbonate or bicarbonate on the catalyst surface and the induced
pH changes can degrade the activity of MOR catalysts’. We measured
the activity of HEASA-Pt,3, by conducting a long-term chron-
oamperometric (CA) test at 0.7 V vs. RHE. As shown in Supplementary

Fig. 22, after testing for 20,000 s, HEASA-Pt, 3, maintained a mass
activity of 1.3 A mg™, which was much higher than that of commercial
Pt/C. Catalyst stability was not improved by promoting mass transfer
through stirring (Supplementary Fig. 23). Therefore, the decrease of
current during CA testing did not result from mass transfer limitations
but was caused by the precipitation of carbonate or bicarbonate on the
catalyst surface or by pH changes.

To comprehensively evaluate catalyst activity, we calculated the
integral activity, which represents the amount of methanol oxidized
per unit mass of Pt, of HEASA-Pt,3, by integrating the Pt mass-
normalized i-t curve over time, and obtained the values over periods of
5000, 10,000, and 20,000s. HEASA-Pt, 3, showed higher integral
activities than other Pt-containing MOR catalysts for all three periods
(Supplementary Fig. 24), suggesting that HEASA-Pt maintains relatively
higher activity over a long duration. The loss of Pt from the sample
during CA measurements was evaluated by comparing the ICP-OES
results with/without the CA tests. The results in Supplementary Fig. 25
indicate that there was no apparent Pt loss during the CA tests, which
authenticates the measured mass activities.

Activity restoration is essential for the long-term electrochemical
durability of MOR catalysts. It was found that if a few CV cycles were
applied or the electrolyte was replaced with fresh 1M KOH and 1M
methanol, the activity of HEASA-Pt, 5, was well restored (Supplemen-
tary Figs. 26 and 27). We then conducted nine cycles of continuous CA
tests for 20,000s each on the same sample. The electrolyte was
refreshed after each test. As shown in Fig. 3c, the current density fully
recovered to its initial value after each test, suggesting the complete
restoration of activity. Even after nine cycles (180,000 s in total), the
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HEA-Pty7 6%, and Pt/C during the long-term durability test. Source data for Fig. 3a-d
are provided as a Source Data file.

current at 0.7V vs. RHE and CV peak current of the sample retained
94.7% and 83.4% of their initial values, respectively (Fig. 3d and Sup-
plementary Fig. 28), demonstrating the good durability and renew-
ability of HEASA-Pt; 3. Notably, the phase structure and morphology
of HEASA-Pt, 35 remained almost unchanged after the long-term CA
test, as revealed by the identical XRD patterns and SEM morphology
before and after testing (Supplementary Figs. 29 and 30).

To better illustrate the durability of HEASA-Pt, 55, we conducted
the same series of CA tests on both Pt/C and HEA-Pt;; ¢y (Supple-
mentary Figs. 31 and 32). We calculated the starting current (Isear),
ending current (l.,q), and integrated area of the i-t curve (S;¢, pro-
portional to the total amount of methanol oxidized during the test) for
each sample. As shown in Fig. 3d and Supplementary Fig. 33, all three
parameters decreased considerably for Pt/C, possibly because of the
severe poisoning of Pt in the long-term tests. For HEA-Pt, although Is.ar
was recoverable, both l¢,q and S, decayed substantially, resulting in a
decrease in the amount of methanol that can be oxidized during the
test period, which means that HEA-Pt is also prone to poisoning.
Conversely, these three parameters remained high for HEASA-Pt; 3,
indicating that it shows milder degradation of MOR performance over
along period than the other MOR catalysts (Fig. 3e and Supplementary
Fig. 34). In addition, the performance of HEASA-Pt, 3¢, did not degrade
much until it was used for 200,000 s, which is considered the end-of-
life of this catalyst (Supplementary Figs. 35). Compared with other
MOR catalysts, HEASA-Pt showed the longest working time, further
validating its good durability (Supplementary Fig. 36). Overall, HEASA-
Pt is superior to other MOR catalysts in terms of lifespan, activity, cost,
preparation efficiency, and environmental friendliness (Supplemen-
tary Fig. 37), which means that it demonstrates potential as a green and
sustainable catalyst.

We conducted DMFC studies to further demonstrate the advan-
tages of HEASA-Pt. Two types of alkaline DMFCs with a PBI membrane
were tested. One was equipped with HEASA-Pt as the anode and
commercial Pt/C as the cathode, and the other with Pt/C as both anode
and cathode. Supplementary Fig. 38 shows the polarization and power

density curves of the DMFCs obtained with O, as a cathodic gas feed
and CH;OH (1M) as an anodic fuel feed in 6.0 M KOH electrolyte at
80°C. The DMFC with the HEASA-Pt anode reached a peak power
density of 22.8 mW cm™, which was higher than that reached by the
DMFC with a commercial Pt/C anode (17.2 mW cm™). Notably, the
former contained a low Pt content of 0.08 mg cm ™ whereas that of the
latter was 0.4 mg cm™. When the Pt content of the HEASA-Pt anode
was decreased to 0.04 mg cm™, the peak power density of the DMFC
reached 13.0 mW cm2 (Supplementary Fig. 39). By contrast, the DMFC
with a Pt/C anode with a lower Pt content of 0.16 mg cm™ hardly dis-
charged. Regarding stability, the DMFC with an HEASA-Pt anode
exhibited stable current density for 32,000 s under a cell voltage of
0.4V (Supplementary Fig. 40). All of these results demonstrate that
HEASA-Pt is superior to Pt/C in DMFCs because of its high power
density, low Pt content, and good stability. Overall, HEASA-Pt shows
potential for use as a low-cost, high-performance anode catalyst
for DMFCs.

Reaction mechanism

To investigate the origin of the high MOR mass activity of HEASA-Pt,
we performed in-situ Fourier transform infrared (FTIR) spectroscopic
measurements to detect adsorbed intermediates at the molecular level
during the MOR process. Figure 4a, b show the FTIR spectra of HEASA-
Pty 3% and HEA-Pty; 4, respectively, recorded from -0.7 to 0.5V vs. Hg/
HgO in 1M KOH +1M methanol. The two catalysts showed different
reaction pathways. For HEASA-Pt; 3¢, the OCO antisymmetric stretch-
ing vibration band at around 1620 cm™ appeared at —0.5 V vs. Hg/HgO
and intensified with increasing potential. At higher potential, the C -
OH and OCO symmetric stretching vibration bands between 1300 and
1400 cm™ of *COOH emerged, suggesting that methanol was first
oxidized to *COOH". The bands at around 1540 cm™ can be attributed
to absorbed CO5* ****, corresponding to the complete oxidation of
methanol. It is worth noting that during the entire process, HEASA-
Pty 3% did not display a CO adsorption peak, which is expected to lie
between 1950 and 2100 cm™ ***, during the entire process, indicating
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of (c) HEASA-Pt, 34, (d) HEA-Pt;7 ¢4, and (e) Pt/C catalysts for consecutive two scans
(first scan and second scan). Source data for Fig. 4a—e are provided as a Source
Data file.

that the reaction occurred through CO-free pathways“*. As for the
HEA-Pt;; 6%, however, an obvious *CO signal is detected at 2049 cm™
when the potential reached -0.5V vs. Hg/HgO, which indicates that
HEA-Pty7 ¢ followed the CO pathway in a similar manner to Pt/C
(Supplementary Fig. 41). A CO, vibration band at 2335 cm™ appeared
at —0.3V vs. Hg/HgO and intensified with increasing potential, corre-
sponding to the further oxidation of *CO to CO,, suggesting that HEA-
Pt17.6% catalyzes a different reaction pathway to that of HEASA-Pt; 3.
This comparison indicates that the atomically isolated Pt in HEASA-Pt
prevents the catalyst from providing CO adsorption sites, which can
thereby suppress CO poisoning and promote the MOR process. In
addition, the valley in the FTIR spectrum of HEA-Pt;7 ¢y from 1400 to
1700 cm™ (with a peak at around 1544 cm™) can be assigned to
adsorbed carbonate anions with two oxygen atoms coordinated on the
bridge site, and the band at ~-1404 cm™ can be assigned to carbonate
anions in the solution®’. The absence of a *CO5?>” adsorption band in the
FTIR spectra of HEASA-Pt, 35, may be caused by the lack of Pt-Pt bridge
sites. Moreover, HEASA-Pt shows lower frequency O-H absorption
peak at around 3236 cm™ than that of Pt/C at around 3370 cm™ (Sup-
plementary Fig. 42). The low-frequency O-H absorption peak origi-
nates from the substantial adsorption of OH™ on HEASA-Pt and the
formation of a large number of intermolecular hydrogen bonds
between *OH*, proving its good OH™ affinity. As for Pt/C, the number
of *OH is not as many as that in HEASA-Pt and can only form fewer
intermolecular hydrogen bonds, and as a result, the OH™ absorption
peak of Pt/C appears at a higher frequency position.

We also conducted differential mass spectrometry (DEMS) mea-
surements during methanol oxidationat 0.7 Vvs. RHEin1MKOH +1M
CH;0H to identify intermediates based on the mass charge ratio (m/z).
As shown in Supplementary Fig. 43, after applying a voltage, the signal
intensity of methanol (m/z = 31) decreased considerably, indicating the
consumption of methanol, whereas the signal intensity of formic acid
and CO, (m/z=46 and 44, respectively) increased. It is worth noting
that the signal of CO, usually remarkably increases when it is abun-
dantly produced at a high potential, e.g., after 0.9V vs. RHE for com-
mercial Pt/C, because the used KOH solution absorbs CO,*". However,
at 0.7V vs. RHE, we observed a substantial increase of the CO, signal

intensity, indicating that HEASA-Pt can effectively oxidize methanol to
CO,. We also collected signals of CO (m/z = 28). However, the signals at
this mass charge ratio may also originate from fragments of methanol
and CO,*%. During the testing process for 600 s, the signal of m/z =28
does not accumulate and increase but significantly decreases due to
the consumption of methanol, which also suggests that there was no
CO generation. The above results indicate that at 0.7V vs. RHE, the
catalytic process of methanol on the HEASA-Pt surface is not affected
by the CO poisoning, but is smoothly oxidized to formic acid and
further oxidized to CO,.

CO-stripping experiments were conducted to confirm this con-
clusion. As shown in Fig. 4c-e, oxidation peaks of absorbed CO were
observed for HEA-Pt;; ¢, and commercial Pt/C at about —0.55 and
-0.25V vs. Hg/HgO, respectively, but they are significantly suppressed
on the HEASA-Pt, 5. Moreover, HEASA-Pt, 3o, showed stable CV curves
in CO-saturated 1M KOH solution (Supplementary Fig. 44), further
verifying its strong anti-CO poisoning capability. The CO oxidation
peak potential of HEA-Pt7 ¢5 was lower than that of Pt/C because the
alloying of multiple oxophilic elements promoted OH adsorption by
HEA-Pt, which facilitated the removal of *CO via the L-H
mechanism>’*°*!, thus enhancing the anti-CO poisoning ability of
the high-entropy system. As the Pt content of HEA-Pt further decrea-
ses, Pt forms atomically isolated sites (less than three consecutive
atoms) in high entropy alloys, i.e., HEASA-Pt, preventing CO from
adsorbing on the catalyst surface and suppressing poisoning.

Furthermore, in order to elucidate the MOR reaction mechanism
of HEASA-Pt, DFT calculations were performed using a representative
HEASA-Pt model, as illustrated in Fig. 5a. Free-energy diagrams con-
sidering possible MOR pathways were calculated on the HEASA-Pt
surface and compared with the results on a Pt(111) surface, as shown in
Fig. 5b, ¢, respectively, with corresponding local structures provided in
Supplementary Figs. 45 and 46. On the Pt(111) surface, oxidation of the
CO intermediate was identified as the potential rate-determining step
because of strong CO adsorption and poisoning, consistent with our
expectation. By contrast, on the HEASA-Pt surface, CO adsorption
weakened by more than 0.7 eV compared with that on Pt(111) (Fig. 5b,
¢), which is a larger decrease than that induced by the contribution of
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which is set as zero. f COHP results between Pt and C atoms (from CO) on Pt(111)
and HEASA-Pt surfaces with the CO intermediate adsorbed on Pt sites. Source data
for Fig. Sb—f are provided as a Source Data file.

any individual alloying element in Fig. 1c. In addition, CO adsorption on
Co and Ni sites was mitigated by 0.66 and 0.67 eV, respectively, in
HEASA-Pt compared with that in the binary systems (Supplementary
Fig. 47). These results highlight the synergistic effect of the multiple
elements in HEAs in suppressing CO adsorption. Moreover, CO
adsorbed on isolated Pt sites of the HEASA-Pt surface can be effectively
oxidized with the assistance of adjacent Co atoms, which facilitate the
formation of *COOH intermediates, eventually leading to CO, forma-
tion. The thermodynamic energy difference of the oxidation step of
*CO on the HEASA-Pt surface decreased to 0.50 eV, which can be easily
overcome at the MOR working potential (higher than 0.6 V vs. RHE),
thus avoiding CO poisoning (Fig. 5d and Supplementary Fig. 48).

In general, CO poisoning can be suppressed via two possible
mechanisms: (1) enhancing CO oxidation reactivity to prevent CO
accumulation on active sites, and/or (2) promoting an alternative
reaction pathway that bypasses CO formation, such as the HCOOH
pathway. Both mechanisms could be achieved simultaneously in our
HEASA-Pt system. The high-entropy configuration not only weakens
CO adsorption on Pt sites, but also stabilizes *COOH and *OCHO*
intermediates with the help of adjacent oxophilic elements such as Co.
The *OCHO intermediate is important in the HCOOH pathway. This
alternative route could proceed with a low free-energy change of
0.52 eV on the HEASA-Pt surface, which is comparable to that of CO
oxidation. By contrast, on a Pt(111) surface, that HCOOH pathway
suffers from a higher energy difference of 0.93 eV. The occurrence of
both MOR pathways on the HEASA-Pt surface explains why the CO
intermediate was not detected on the HEASA-Pt surface as well as the
high durability and MOR activity of HEASA-Pt.

We also explored the possibility of non-Pt sites (e.g., adjacent Co
or Ni atoms) serving as active centers in the MOR. However, the results
indicated that modified Pt remains the primary active site. Main-group

elements such as Mg, Bi, and Sn exhibit negligible affinity for C-based
intermediates such as *COOH and *CHO, and are thus catalytically
inactive. Although Co and Ni can adsorb C-containing species, they
suffer from strong CO binding and associated poisoning (Supple-
mentary Fig. 49), similar to the case for Pt(111). As a result, the CO
oxidation activity at Co and Ni sites is much lower than that at modified
Pt sites. To further confirm the indispensable role of Pt in HEASA-Pt, we
synthesized the Pt-free HEA BiMgSnCoNi. As shown in Supplementary
Fig. 50, this alloy exhibited no MOR activity in 1M KOH +1M CH30H,
demonstrating that Pt is essential for catalytic function. Thus, the high
performance of HEASA-Pt can be primarily attributed to the modified
Pt sites embedded within the HEA matrix. This result also helps to
explain the sustained supply of *OH species on the HEASA-Pt surface.
Although neighboring atoms such as Co can act as synergistic reaction
sites, potentially decreasing *OH availability, the overall favorable
MOR energetics and compensatory contributions from other MOR-
inactive alloying elements could help maintain a steady *OH supply.
From the electronic structure, we could further explain the origin
of the changes in the reaction mechanisms. The d-band center of iso-
lated Pt atoms on the HEASA-Pt surface was decreased compared with
that on the Pt(111) surface (Fig. 5e and Supplementary Fig. 51), indi-
cating a higher filling degree of d-orbitals of Pt after HEA formation,
which is consistent with the crystal orbital Hamilton population
(COHP) results shown in Fig. 5f. Analysis of the bonding characteristics
between Pt and adsorbed CO showed that after alloying, more anti-
bonding states are found between Pt and C, which weakens CO
adsorption. Furthermore, the changes in electronic structure reflect
the critical role of the HEA structure. On the one hand, the local stress
around active sites could change the density of states, such as the
compressive stress induced by Mg/Bi/Sn on nearby Pt compared to
Pt(111), as shown in Fig. 5e. On the other hand, charge redistribution
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between high-entropy elements changes the filling of new electronic
structures, affecting adsorption of intermediates.

On the basis of their different roles in modifying electronic
properties and catalytic reactivity, a qualitative distinction can be
made between sub-group elements (Pt, Co, Ni) and main-group ele-
ments (Mg, Bi, Sn). As summarized in Supplementary Table 7, the
charge redistribution across the HEASA-Pt systems reveals a consistent
trend. Main-group elements (Mg, Bi, Sn) predominantly act as electron
donors, transferring charge to the system, whereas sub-group ele-
ments, especially Pt, serve as electron acceptors and result in the
increased occupancy of anti-bonding states in the Pt-CO interaction.
Despite variations in local coordination environments, the d-band
center of Pt remains relatively stable, underscoring the metallic nature
and electronic resilience of the HEASA-Pt system.

To further validate these results, XPS analysis was conducted to
investigate the redistribution of electron density around Pt sites in
HEASA-Pt. As shown in Supplementary Fig. 52, Pt/C exhibits a higher Pt
4 f binding energy than that of HEASA-Pt, indicating that Pt has a more
negative valence state in the latter than in the former. This result
confirms that in HEASA-Pt, Pt serves as electron acceptor, consistent
with theoretical findings. In addition, these trends remained for
alternative high-entropy configurations in which individual alloying
elements were selectively removed (Supplementary Fig. 53 and Sup-
plementary Table 8). This further highlights the intrinsic robustness of
the electron redistribution effect induced by the synergistic interac-
tions of the elements in the HEA (detailed discussion is provided in the
Supplementary Information).

Discussion

In summary, we design and synthesize a HEASA-Pt catalyst, Pt-
NiCoMgBiSn, which introduces diverse alloy coordination elements while
maintains the SA-Pt sites. The high-entropy structure of HEASA-Pt acti-
vated the intrinsically inactive SA-Pt sites, leading to high MOR catalytic
activity. Moreover, the HEASA-Pt has a strong capability to resisted CO
poisoning. It thereby combines the advantages of high activity originat-
ing from the high-entropy structure and anti-CO poisoning capability
resulting from the SA-Pt sites in the alloy lattice. As a result, the HEASA-Pt
exhibits notable MOR mass activity up to 35.3 Amg™ at a Pt content of
only 2.3 at%. After long-term durability tests, high electrochemical per-
formance can be fully recovered through CV cycling or refreshing the
electrolyte, which allowed the HEASA-Pt catalyst to maintain high mass
activity even after operation for 180,000s. In DMFC tests, HEASA-Pt
output higher power density at lower Pt content than was the case for Pt/
C and also exhibited good working stability, demonstrating its super-
iority to Pt/C as a DMFC anode catalyst. In-situ Fourier transform infrared
(FTIR) spectra and DFT calculations revealed that the coordination of
multiple alloying elements effectively weakened the binding between SA-
Pt sites and CO in HEASA-Pt. Moreover, the synergistic effect between the
SA-Pt sites and coordinating elements remarkably facilitates the oxida-
tion of CO and thus avoids the CO-poisoning issue. Conversely, the HEA-
Pt catalysts with high Pt content still suffered from CO poisoning, which
led to relatively low activity and durability. Therefore, our HEASA-Pt
exhibit notable activity and durability for MOR at a low Pt content. Our
work demonstrates a universal high-entropy alloyed single-atom strategy
to address CO poisoning of Pt-based MOR catalysts and will be beneficial
for achieving high-efficiency DMFCs at low cost.

Methods

Syntheses of HEASA-Pt and HEA-Pt

The HEASA-Pt and HEA-Pt catalysts were synthesized by an ultrafast
Joule-heating method with carbon nanotube (CNT) films as both the
heating source and the supporting substrate®®. The CNT films used for
supporting and synthesizing HEASA-Pt and HEA-Pt were prepared by
vacuum filtration of super aligned CNTs (SACNTSs), which possess high
purity, less defects, and very clean surfaces®°. First, 20 mg SACNTs

were dispersed in 200 mL ethanol by high-power probe ultrasonica-
tion (SCIENTZ-950E) at 600 W for 5 min. Afterwards, the suspension
was vacuum filtrated using a suction filter, forming a CNT film. The
CNT film was dried at 65 °C on a hot plate and then cut into
rectangular-shape films using a laser (1064 nm in wavelength). Second,
equal moles of NiCl, (Energy Chemical, 98%), CoCl, (Aladdin, 99.7%),
MgCl, (3AChem, 99%), BiCl; (Meryer, AR), SnCl, (3AChem, 98%), and a
certain amount of H,PtClg-6H,0 (3AChem, Pt:37.5%) were dissolved in
ethanol, and then dip-coated on the CNT films as precursors, followed
by a drying process at 65 °C for 2 min. To prepare HEASA-Pt, the molar
content of Pt in the precursor should be less than one fifth that of other
elements (typically <4 at%). For HEA-Pt, the Pt content is greater than 5
at% (typically ranging from 6 to 18 at%) to meet the traditional defi-
nition of HEAs*>. At last, the CNT film loaded with precursors was then
clamped between two graphite electrodes, and a certain voltage was
applied to the film to heat it up to about 1100 °C for 3's in a mixed
atmosphere of 10% H, and 90% Ar. The temperature of the CNT film
during the growth was in situ measured by an infrared thermometer
(Optrics, P1640). After that, the HEASA-Pt and HEA-Pt catalysts were
synthesized on the CNT films and ready for characterizations and
electrochemical measurements.

Characterization

Morphology of samples was observed by scanning electron micro-
scopy (SEM; ZEISS, Merlin Compact), transmission electron micro-
scopy (TEM; JEOL, JEM-2010F, 200kV), and spherical aberration
correction transmission electron microscopy (AC-TEM; JEOL, JEM ARM
200F, 200kV). TEM at different magnifications were also used for
statistical analysis of particle sizes. Surface states of the samples were
analysed by X-ray diffraction (XRD, D/max-2500/PC, Rigaku) with Cu
Ka radiation (A=0.15406 nm) operated at 40kV and 150 mA. X-ray
photoelectron spectroscopy (XPS, Thermo Fisher, Escalab 250Xi, Al
Ka) was carried out from O to 1350 eV at a step of 1eV.

Electrochemical measurements

All electrochemical measurements were performed following a stan-
dard three-electrode test under CHI 660e and CHI 760e electro-
chemical workstations. The CNT films with HEASA-Pt or HEA-Pt
nanoparticles directly served as the working electrodes (0.24 cm2),
Hg/HgO as a reference electrode, and Pt as a counter electrode.
Cyclic voltammograms (CVs) were performed in N,-saturated 1M
KOH solution (pH=14 +0.1) from -0.9 to 0.3V vs. Hg/HgO (Erur) =
Ehg/mgo) + 0.0591 x pH + 0.098) at a scan rate of 100 mVs™ to activate
the catalyst. For the MOR activity, the CVs were conducted in
N,-saturated 1 M KOH and 1 M methanol solution between -0.9to 0.3V
vs. Hg/HgO at a scan rate of 50 mV s™ with 85% iR compensation. All
solutions were prepared using deionized water, KOH (Aladdin, GR),
and methanol (Macklin, 99.9%) within 30 min of testing. After the CV
cycle had stabilized, ICP-OES measurements were performed to pre-
cisely measure the Pt content of the catalyst. The mass activity was
derived by dividing the current obtained from the final CV cycle by the
mass of Pt. To assess long-term stability, CA tests were performed at a
fixed potential of 0.7V vs. RHE. After completing each test for
20,000 s, the electrolyte was refreshed. The Pt/C catalyst was prepared
by dip coating CNT films in a solution of commercial 20 wt% Pt/C
powder, Nafion (50 pL), ethanol (500 pL), and distilled water (450 pL).
The loading content of Pt/C was ~0.75mgcm™. In DMFC tests, a
2 cm x 2 cm HEASA-Pt/CNT film was prepared and directly used as the
catalyst layer. The PBI membrane (35 pum) was treated sequentially at
60 °C in 6 M KOH solution for 3 h, 40 °C for 6 h, and finally left over-
night in 6 M KOH solution before use.

CO stripping test
CO stripping tests were conducted in 1M KOH solution. First, the
potential of the working electrode was maintained at -0.9 V vs. Hg/
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HgO while CO was bubbled into the solution for 30 min to form a CO
monolayer on the catalysts. Then, N, was bubbled into the solution for
15 min to remove the dissolved CO. CV was conducted from-0.9to O V
vs. Hg/HgO at a scan rate of 10 mVs™ for at least two cycles.

In situ FTIR measurements

In situ attenuated total reflection (ATR) FTIR electrochemical measure-
ments were performed on a Linglu Instruments ECIR-II cell mounted on
a Pike Veemax Il ATR accessory with a single-bounce silicon crystal
covered with a gold membrane in internal reflection mode. Spectra were
recorded on a Thermo Nicolet Nexus 670 spectrometer. The in situ FT-
IR spectra were collected from -0.7 to 0.5V (vs. Hg/HgO) every 100 mV
in Ny-saturated 1.0 M KOH +1.0 M methanol.

XAFS measurements and data processing

XAFS spectra (Pt L3-edge) were collected at the BLI4W1beamline of the
Shanghai Synchrotron Radiation Facility (Shanghai, China). Data were
collected in transmission mode using an ionization chamber for Pt foil
and PtO, and in fluorescence excitation mode using a Lytle detector
for HEASA-Pt. All spectra were collected under ambient conditions.
The XAFS spectra were processed following standard protocols with
IFEFFIT’s Athena module. The EXAFS spectra were generated through
post-edge background subtraction from the overall absorption, fol-
lowed by normalization to the edge-jump step. The resulting x(k)
signals underwent Fourier transformation to real (R) space with a
Hanning window (dk=1.0A™), enabling separation of EXAFS con-
tributions from different coordination shells. Quantitative structural
parameters for the central atoms were then extracted through least-
squares curve fitting implemented in the ARTEMIS module of
IFEFFIT>,

DFT calculations
DFT calculations were performed with the Vienna ab initio simulation
package (VASP)®. Electron-ion interactions were described by the pro-
jector augmented wave method*. The revised Perdew-Burke-Ernzerhof
functional within the generalized gradient approximation was used to
describe exchange and correlation interactions”. The DFT-D3 method
with zero damping was used to account for Van der Waals interactions®.
All structures were optimized until the force on each atom was less than
0.03eVA™ and the self-consistent energy criterion was set to 107 eV.
The supercell random approximates method, combined with Cuckoo
search and Monte-Carlo simulation, was used to search for high-entropy
structures with dispersed element distributions®. Three replicates were
performed to avoid the results being a special case. The similarity of
lattice constants and electronic structures demonstrates the generality
of the constructed high-entropy models (Supplementary Fig. 54 and 55).
Free-energy diagram calculations were conducted using p(3 x3) (111)
surfaces with three-layer slab models. An additional vacuum layer of 15 A
was added to each slab along the z-direction to avoid spurious interac-
tions between images caused by the periodic boundary conditions. The
energy cutoff for the plane wave basis expansion was set to 500 eV, and
a 3 x 3 x 1 Monkhorst-Pack k-point grid was used to sample the Brillouin
zone®. The VASPsol package was used to simulate the solvation
environment®*2, COHP calculations were performed using the LOBSTER
package®.

A computational hydrogen electrode model was used to calculate
the reaction free-energy change of each step of the MOR. The free-
energy changes were calculated using Eq. (1):

AG=AEpe +AZPE — ATS, @
where G, Epgr, ZPE, T, and S represent the Gibbs free energy, total

energy from the DFT calculations, zero point energy, temperature
(300 K), and entropy, respectively. The energy of H* + e~ was related

to H, according to the equilibrium at U= 0 Vgyg:

H +e Q%HZ. @)

Data availability

The data supporting this study are available within the paper and the
Supplementary Information. All other relevant source data are
available from the corresponding authors upon reasonable request.
The source data for Figs. 1-5 and Supplementary Figures are pro-
vided as a Source Data file. The DFT optimized structures used for
electronic structure calculations are provided in the Supplementary
Data 1. Source data are provided with this paper.
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