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Abstract: Demetalation, caused by the electrochemical dissolution of metal atoms, poses a
significant challenge to the practical application of single-atom catalytic sites (SACS) in proton
exchange membrane-based energy technologies. One promising approach to inhibit SACS
demetalation is the use of metallic particles to interact with SACS. However, the mechanism
underlying this stabilization remains unclear. In this study, we propose and validate a unified
mechanism by which metal particles can inhibit the demetalation of Fe SACS. Metal particles act
as electron donors, decreasing the Fe valence by increasing the electron density at the FeN4 position,
thereby strengthening the Fe-N bond, and inhibiting electrochemical Fe dissolution. Different types,
forms, and contents of metal particles increase the Fe-N bond strength to varying extents. A linear
correlation between Fe valence, Fe-N bond strength, and electrochemical Fe dissolution amount
supports this mechanism. Our screening of a particle-assisted Fe SAC led to a 78% reduction in Fe
dissolution, enabling continuous operation for up to 430 hours in a fuel cell. These findings

contribute to the development of stable SACS for energy applications.



Single-atom catalytic sites (SACS) have become an emerging frontier in catalysis and material
science!-3. Carbon-based non-precious metal SACS, such as Fe, have shown great promise in
catalyzing several key electrochemical reactions such as the oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER)*°. Thanks to the mature technology of proton exchange
membrane (PEM) electrolysis or fuel cells, SACS in acidic electrochemical environments are of
particular interest’. While numerous studies have focused on the activity and selectivity of Fe
SACS in acidic electrocatalysis, limited attention has been given to their degradation through
electrochemical dissolution, which can lead to the demetalation of Fe SACS> 191! This is a serious
issue because demetalation destroys active sites, contaminates polymer electrolytes, and generates
corrosive radicals, all of which can negatively impact the performance of the SACS'*!4, Previous
studies have theoretically and experimentally demonstrated that Fe SACS are susceptible to

dissolving in acidic electrochemical environments'S-16

. Therefore, addressing the issue of
demetalation should be a top priority before Fe SACS can move into practical application.

Efficient strategies for preventing the demetalation of SACS have been reported sparingly.
Recent studies have shown that interaction with metallic particles can inhibit the demetalation of
SACs, making it one of the few strategies that offer promise for inhibiting demetalation!”. However,
the mechanisms that underlie the stabilization of SACs by metallic particles remain poorly
understood. The specific property or properties of SACS that are altered following the introduction
of particles and how such modifications prevent demetalation are yet to be fully elucidated. One
major challenge lies in the difficulty of distinguishing changes in SACs due to overlapping signals
when using particles with the same elemental composition. This also makes it challenging to
quantify accurately the number of SACs undergoing electrochemical dissolution. Furthermore, it is
unclear whether the stabilization mechanism varies with different types of metallic particles, their
physical forms, or their content'”"!°. Addressing these questions is critical to advancing our
knowledge of the interaction between SACs and metallic particles and developing effective
strategies for inhibiting demetalation.

In this study, we fabricated a Fe SACS-particle catalyst system where the particle consisted of
Pt or Au instead of Fe. This design allowed for precise determination of the property changes and
dissolution amount of Fe SACS. By employing online electrochemical inductively coupled plasma
mass spectrometry (ICP-MS), advanced X-ray absorption spectroscopy (XAS), and theoretical
calculations, we were able to establish a linear correlation between Fe valence, Fe-N bond strength,
and electrochemical Fe dissolution amount. Subsequently, we proposed a unified mechanism in
which metallic particles act as electron donors, leading to a decrease in Fe valence by increasing
electron density of the carbon plane, particularly at the FeNy4 position. This strengthens Fe-N
coordination and inhibits electrochemical Fe dissolution. Different types (such as Pt, Pd, Au, Ag,
Fe, Co, and Ni), physical forms (such as size, location, and crystallinity), and contents of metal
particles increase the Fe-N bond strength to varying extents. Lastly, we screened a particle-assisted

Fe SAC with an impressive 78% decline in Fe dissolution, which ran stably for up to 430 hours in



fuel cells.

Results

The Fe single-atom catalyst (Fesac) was prepared through a two-step pyrolysis coupled with an
acid-leaching method, as described in previous studies?*-?!. X-ray diffraction (XRD) and transition
electron microscopy (TEM) analyses indicated the absence of nanoparticles in Fesac, as shown in
Figures S1 and S2, respectively. Fourier-transformed &*-weighted extended X-ray absorption fine
structure (EXAFS) revealed a prominent Fe-N peak at 1.46 A and a minor Fe-Fe peak at 2.1 A
(Figures S3), corroborating that Fe was primarily in an atomically dispersed form?>23, Pt-Feg,. and
Au-Feg,. were synthesized through the impregnation reduction method, with similar metallic content
(Table S1) and average particle size (Figure S4). The three catalysts' Fe valence, including Fesac,
was measured by X-ray absorption near-edge structure (XANES), and followed the order of Pt-Fegac
< Au-Fegc < Fesac, as shown in Figure S5. The atomically dispersed Fe sites were maintained in all
three catalysts, as shown in Figure S6.

Electrochemical Fe dissolution was monitored through online ICP-MS. As depicted in Figures
la-c, all catalysts exhibited potential-dependent Fe dissolution behavior, with an onset potential of
approximately 0.8 V versus the reversible hydrogen electrode (RHE). However, the amount of Fe
dissolution varied significantly among the catalysts, as shown quantitatively in Figure 1d. The Fe
dissolution amount followed the order of Pt-Fege < Au-Fesae < Fesae, consistent with the trend of
decreasing Fe valence. This consistency suggested that metallic particles decreased the Fe valence
and inhibited electrochemical Fe dissolution. Additionally, the Pt case showed a lower Fe valence
and correspondingly lower Fe dissolution amount compared to the Au case.

Theoretical calculations were then conducted to gain insight into the demetalization behavior
upon the addition of metallic particles and to elucidate the observed correlation between Fe valence
and Fe dissolution. For this purpose, a graphene plane hosting the FeNs site was used as the
structural model of the Fe SACS, as depicted in Figure 2a. Subsequently, a Ptio cluster was placed
above the graphene plane, in close proximity to the FeNy position, as shown in Figure 2b. The
transfer of electrons from the cluster to the carbon plane, which enriches the FeN4 position, was
revealed by the charge density difference map in Figure 2c. As demetalation of the FeNy site
involves the breakage of Fe-N bonds, the strength of the Fe-N bond was employed as a descriptor
of demetalation'®. Specifically, the negative of the projected crystal orbital Hamilton population (-
pCOHP) was utilized to quantitatively compare the Fe-N bond strength. As illustrated in Figures 2d
and 2e, the integrated negative of the projected crystal orbital Hamilton population (-ICOHP)
increased from 2.517 to 2.644 following Pt loading, indicating a stronger Fe-N bond?*2°. This result
suggests that the Pt particle increases the electron density at the FeNs position, preferentially
enhancing the bonding component and consequently strengthening the Fe-N bond?°. Theoretical
calculations also revealed that the distance between the particle and SACS significantly affects the
Fe valence and Fe-N bond strength, as demonstrated in Figure S7.

To expand the generalizability of the conclusion, six additional metals (Pd, Au, Ag, Fe, Co, and
Ni) were chosen, in which the distance between the particle and the single-atom site was kept
constant. The analysis of pCOHP is shown in Figure S8, and the Barder valence electron number
(N) is summarized in Table S2. A positive linear correlation between -COHP and N was established,
as demonstrated in Figure 2f. The larger N value suggested a higher electron density at the Fe center,
corresponding to a lower Fe valence?®?’. The higher -ICOHP indicated a stronger Fe-N bond, which
led to a decrease in demetallation?*2%. This positive correlation strongly supported the idea that



metallic particles could act as electron donors, increasing the electron density at the FeN4 position
and strengthening the Fe-N bond, thus inhibiting electrochemical Fe dissolution. Furthermore, the
observed strengthening of the Fe-N bond varied depending on the type of metal used. These findings
are consistent with the experimental outcomes and lend support to the proposed mechanism.

To further investigate the influence of the physical characteristics of particles, such as size,
location, and crystallinity, as well as the metal content on Fe valence and dissolution, Pt particles
were used as an example. In this study, five Pt-loaded Fes,. catalysts were synthesized using different
reducing agents, loading protocols, and cleaning temperatures. The five catalysts were labeled Pt-
Fesac-EG1-350, Pt-Feguc-EG1—RT, Pt-Fegc-EG2—350, Pt-Fesac-EG>—RT, and Pt-Feg.-BA»—350, based
on the synthetic conditions employed. Here, the terms EG and BA refer to ethylene glycol and
benzoic acid reducing agents, respectively. The numbers 1 and 2 represent Pt(IV) reduction that
occurred simultaneously with particle loading and prior to particle loading, respectively.
Furthermore, 350 and RT refer to the catalyst cleaning temperatures that were set at 350 °C and
room temperature, respectively.

As summarized in Table S3, the Pt-loaded Fesac exhibited varying Pt content ranging from
0.576 to 1.15 wt.%. The average particle size of these samples, determined through statistical
analysis with TEM, ranged from 1 to 15 nm, as indicated in Figure S9. The crystallinity of the Pt
particles across the samples also varied, with some showing an amorphous structure while others
exhibited a face-centered cubic phase. These differences were analyzed with XRD and presented in
Figure S10. Since Fe sites were uniformly dispersed on the carbons, the average distance between
the particles and the single atoms was influenced by the varying Pt contents and particle sizes. The
Fe valence of the six catalysts was compared using XANES and followed the order: Pt-Fes-EGi—
RT < Pt-Fesuc-EG1—350 < Pt-Fegue-EG—RT < Pt-Fegqc-BA2—350 < Pt-Fewue-EG2-350 < Fegac, as
demonstrated in Figure 3a. The addition of Pt particles led to a decrease in the Fe valence to different
extents, but did not alter the atomically dispersed state of the Fe sites, as shown in Figure S11. To
determine if the observed changes in Fe valence were solely due to the treatment during the synthetic
process, a control sample (Fes.-EG1—350) was prepared using the same synthetic protocol as Pt-
Fesc-EG1—350 without adding any Pt salt. The two samples exhibited nearly identical Fe valence,
thus verifying that the particles were responsible for the observed changes in Fe valence, as
presented in Figure S12.

The electrochemical Fe dissolution of the Pt-loaded Fes.c was compared, as depicted in Figure
3b. Quantitative analysis of Fe dissolution revealed significant differences across the samples, as
presented in Figure 3c. Interestingly, a positive linear correlation was observed between the Fe
valence and dissolution amount, as demonstrated in Figure 3d. Notably, the Au-Fes,c sample also
adhered to this linear correlation, supporting the notion that different types, forms, and contents of
metal particles can affect the Fe valence and thereby modify the degree of Fe-N bond strengthening.

The Pt-Fesae-EG1—350 sample, exhibiting the lowest Fe dissolution amount with a 78%
decrease in Fe dissolution, was chosen for performance testing using a PEM-based fuel cell. The Pt
state of the catalyst was meticulously characterized. XANES analysis, presented in Figure S13,
revealed that the average Pt valence in the Pt-Feg-EG—350 catalyst was higher than that in the Pt
foil reference. This higher valence was attributed to the partial surface oxidation of Pt particles?
and corroborated by X-ray photoelectron spectroscopy (XPS) analysis depicted in Figure S14.
Furthermore, the deposition of Pt particles had a minimal effect on the pore structure of the pristine

Fesac, as demonstrated in Figure S15.



Interestingly, the Pt particles were found to be inactive in the ORR process in this catalyst.
During the RDE test, both the bare Fes,c sample and the Pt-Fes..-EG1—350 exhibited nearly identical
half-waves of 0.804 V (blue line in Figure 4a) and 0.798 V (red line in Figure 4b), respectively,
versus RHE. This observation suggested that the Pt particles did not contribute to the ORR activity.
To further validate this conclusion, a methanol poisoning experiment was conducted, which
revealed that Fegc and Pt-Fes.-EGi—350 exhibited negligible activity loss even after adding 0.2 M
methanol into the electrolyte, indicating the high tolerance of the FeNy site towards methanol in
acidic media®-3°. This confirmed that the Pt particles were indeed inactive in the ORR process;
otherwise, an apparent methanol electro-oxidation signal would have been observed’!, as evidenced
by the Pt/C case (orange line in Figure 4c). The undetectable ORR activity of Pt particles could be
attributed to their surface oxide coverage, leading to the loss of the hydrogen adsorption/desorption
region®?, as demonstrated in Figure S16. Additionally, the low Pt loading and small particle size
may also contribute to the lack of detectable ORR activity. It may be concerning whether the inactive
Pt particles could be activated during the durability test process. To address this concern, a methanol
poisoning experiment was conducted after the accelerated decay test, as presented in Figure S17,
which revealed no methanol response signal. This supported the conclusion that the Pt particles
were indeed ORR-inert throughout the entire test.

Finally, Pt-Fesc-EG1—350 was utilized as a cathode catalyst in a direct methanol fuel cell
(DMFC) with oxygen as the oxidant. The Pt-Fes.-EG1—350 cathode exhibited a current density of
230 mA cm2at 0.4 V and a peak power density (Pmax) of 146 mW cm2, which was slightly higher
than that of Fege (180 mA cm™ @ 0.4 V and Pax = 140 mW cm2), as shown in Figure 4d. Notably,
this was the highest reported Pmax in DMFC to date with non-precious metal materials as the cathode
catalyst, as evidenced in Figure 4f and Table S4. In addition to activity, fuel cell operation stability
is crucial. As depicted in Figure 4e, the cell voltage rapidly decreased from 0.49 to 0.40 V within
the first 10 hours and then remained stable at this level for up to 430 hours of the stability test. These
data positioned Pt-Fes.-EG1—-350 as the most stable catalyst among all previously reported M-N-C
materials in DMFC, as reflected in Figure 4g and Table S4. In comparison, bare Feg,c demonstrated
a loss of 56% in cell voltage within the first 100 hours of fuel cell operation. The morphology and
structure of the Pt-Feq.-EG1-350 catalyst after 430 hours of fuel cell testing were analyzed using
high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM). No
obvious particle agglomeration was observed after the stability test in Figure S18; however, the
average particle size decreased from 1.5 to 1.2 nm, and the lattice structure was significantly
destroyed (Figure S19). This change may have resulted from the dissolution of Pt during the
electrochemical process, as supported by the online ICP-MS experiment (Figure S20) and lessened
the effect of Pt particles on the Fe SACS. Although the reduced Fe dissolution may not be the sole
reason for the improved stability during the fuel cell test, it should be considered a crucial factor.

To summarize, this study quantitatively described the interaction between a single Fe site and
metallic particles and its impact on demetallation. Metallic particles acted as electron donors,
increasing the electron density at the FeNy site, strengthening the Fe-N coordination bond, inhibiting
the electrochemical dissolution of Fe, and enhancing catalyst stability. This mechanism is consistent
across different types, forms, and contents of metal particles As a result, a stable particle-assisted
Fe-based ORR catalyst was identified that can operate stably for up to 430 hours in DMFC. This
study is significant for developing stable SACS for fuel cells and other applications beyond.
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Figure 1. On line monitoring of electrochemical dissolution. (a-c) Real-time Fe dissolution rates
for Fegae, Au-Fesac and Pt-Feg,e. Test conditions: Ar-saturated 0.1 M HC1O4, with a scan rate of 2 mV
s7!, a catalyst loading of 0.48 mg cm™. (d) Quantitative comparison of the amount of Fe dissolution

among the three catalysts during a single potential cycle.
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Figure 3. Linear correlation between Fe valence and the amount of Fe dissolution. (a) Fe K-

edge XANES spectra of six catalysts. (b) Real-time Fe dissolution rate of six catalysts during a

single potential cycle of 0.05~1.0 V. Test conditions: Ar-saturated 0.1 M HC1O4, 2 mV s7! of scan

rate, and 0.48 mg cm2 of catalyst loading. (¢) Quantitively comparison of Fe dissolution of the six

catalysts amounts during a single potential cycle. (d) Linear correlation between the Fe valence and

the amount of Fe dissolution, including all seven synthesized catalysts.
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Figure 4. Fuel cell application. (a-c) Polarization curves of Fegc, Pt-Fesac-EG1—350, and Pt/C in
Os-saturated 0.1 M HCIOj4 solution with and without adding 0.2 M methanol. Test conditions:
catalyst loading of 0.6 mg cm for Fes,e and Pt-Feq-EG1-350, loading of 0.18 mg cm 2 for 40 wt.%
Pt/C catalyst, scan rate of 10 mV s~!, and rotating rate of 900 rpm. (d) DMFC polarization and power
density plots of Fesac (blue) and Pt-Fes..-EG1—350 (red). (e) Long-term stability test at a constant
current density of 0.1 A cm. Test conditions: 80 °C cell temperature, 1 bar backpressure, 3 M
CH;0H fed to the anode, 0.2 SLPM of O, with 100% RH fed to the cathode, 1.21 cm? of geometric
area, Nafion 212 Membrane, the Feg. or Pt-Fes.-EG1—350 catalysts with a loading of 4.0 mg cm™
at the cathode, and commercial PtsoRu20/C catalyst with a loading of 4 mg cm™ at the anode. (f)
Comparison of Pmax and cell voltage at 0.1 A cm™ for all previously reported M-N-C catalysts in
DMEFC. (g) Comparison of the relative retention of catalyst activity after stability test for all
previously reported M-N-C catalysts in DMFC.



