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Abstract

Modulating the electronic structure of noble metals via electronic metal-support interaction (EMSI) has been proven effectively for
facilitating molecular oxygen activation and catalytic oxidation reactions. Nevertheless, the investigation of the fundamental
mechanisms underlying activity enhancement has primarily focused on metal oxides as supports, especially in the catalytic
degradation of volatile organic compounds. In this study, a novel Pt catalyst supported on nitrogen-doped carbon encapsulating FeNi
alloy, featuring ultrafine Pt nanoparticles, was synthesized. This catalyst demonstrated exceptional catalytic activity (92%),
recyclability, and water tolerance for the deep oxidation of formaldehyde at room temperature. Structural analyses and theoretical
calculations revealed a directional electron transfer from FeNi alloy to Pt, even there is no direct contact between them. This electron
penetration effect, mediated by carbon, conferred electron-rich properties to Pt, leading to the activation of molecular oxygen by
elongating O-O bond length (1.405 A). Consequently, efficient formaldehyde removal was achieved with an ultra-low Pt loading. This
investigation offers a novel perspective on modulating the electronic structure of Pt by engineering a unique EMSI effect between a
nonoxide support and active species, thereby enabling efficient oxygen activation for air purification.
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Significance Statement

Molecular oxygen activation is one of the core issues in catalytic oxidation process. Although modulating the electronic structure of
noble metals via electronic metal-support interaction has been proven effectively for facilitating oxygen activation, the exploration
of the fundamental principles behind it has primarily been restricted to metal oxides as supports, particularly in catalytic oxidation of
volatile organic compounds (VOCs). A novel Pt catalyst supported on nitrogen-doped carbon encapsulating FeNi alloy was developed
and demonstrated exceptional catalytic activity (92%) for deep oxidation of formaldehyde, a carcinogenic indoor VOC. This work
presents a promising strategy to modulate the electronic structure of Pt by directional electron transfer from FeNi alloy to Pt through

carbon, enabling efficient oxygen activation for air purification.

Introduction

Supported noble metal catalysts have attracted considerable at-
tention as a kind of heterogeneous catalyst in the fields of environ-
mental remediation (1), chemical synthesis (2), and energy
conversion (3). Particularly, the noble metal nanoparticles (NPs),
such as Pt” and Pd°, have been proven to be the most efficient
active centers in catalytic degradation of volatile organic com-
pounds (VOCs) owing to their strong ability toward molecular oxy-
gen (Oy) activation, which is a critical step in catalytic oxidation

process (4-7). It is noteworthy that the charge transfer between
the noble metal and O, molecule strongly relies on the electronic
structure of the former (8, 9). Considerable efforts have been di-
rected toward optimizing the electronic properties of noble metals
with the aim of reducing their content while preserving their cata-
lytic activity. This can be exemplified by the removal of formalde-
hyde (HCHO), a carcinogenic indoor air pollutant, using supported
Pt catalysts (10, 11). Nevertheless, the practical application of
these catalysts has been hindered by the scarcity and high cost
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of precious metals. Consequently, the precise modulation of the
electronic structure of noble metals to further enhance their in-
trinsic activity in oxygen activation remains of paramount im-
portance for maximizing their utilization.

Recent studies have demonstrated the effective tuning of oxy-
gen activation and catalytic properties in noble metal-based cata-
lysts through the engineering of electronic interactions between
the noble metal and the support (9, 12-14). For instance, partial
electron transfer from CosO,4 to Pt NPs can generate electron-rich
Pt, which enhances O, activation and facilitates toluene oxidation
(13). Similarly, the electron donation from reduced TiO, to Pd can
confer a negative charge to Pd NPs, thereby promoting oxygen dis-
sociation and HCHO oxidation (9). However, the manipulation of
the electronic structure of noble metals via electronic metal-
support interaction (EMSI) and the exploration of the fundamental
principles behind it have primarily been restricted to the employ-
ment of metal oxides as supports, particularly in catalytic oxida-
tion of VOCs (13, 15). Basically, the critical role of support is
embodied from its stabilization for supported metals and the
modulation in the electronic structure of active metals. In view of
this, carbon-based materials have been regarded as ideal nonoxide
supports for anchoring Pt NPs due to their high conductivity and
porous structure (16, 17). Nevertheless, the employment of pro-
moters, such as alkali metals, is essential for attaining the high
catalytic performance required for indoor air pollution control, pri-
marily due to the weak metal-support interaction between the car-
bon substrate and the active species (17). Notably, the strong
coupling between the d orbitals of transition metals (TMs) and
the p orbitals of carbon facilitates the efficient transfer of electrons
from TMs to carbon materials, particularly when forming nitrogen-
doped carbon (NC) encapsulated TMs NPs (TMs@NC) (18-20).
Furthermore, electron transfer can be achieved from the TMs
core to the loaded Pt NPs through carbon, thanks to their distinct
work functions (21). This phenomenon induces enhanced EMSI be-
tween the substrate and Pt NPs, thereby increasing the electron
density of Pt. For instance, Li et al. utilized Co/NC heterojunctions
as “solid-ligands” to stabilize and activate ultrafine Pt NPs, resulting
in a substantial enhancement in the mass activity of Pt for hydro-
gen evolution (21). Deng et al. demonstrated the electron penetra-
tion from CoNi to Pt NPs and Pt-graphene interface, which
facilitated O, activation at the Pt-graphene interface for CO oxida-
tion, despite the saturated Pt sites by CO (22). To the best of our
knowledge, the facilitation of molecular oxygen activation on
electron-rich Pt through coupling the Pt NPs with TMs@NC has
rarely been studied, making it meaningful to adopt this strategy
to exploit the efficient Pt catalyst with ultra-low loading.

In this study, we devised a novel supported Pt catalyst
(FeNi@NC/Pt) by integrating ultrafine Pt NPs with NC encapsulat-
ing FeNi alloy (FeNi@NC). This unique catalyst structure was em-
ployed to investigate its advantageous influence on the activation
of molecular oxygen. Firstly, the carbon layer covering the FeNi al-
loy NPs serves as a protective shield, preventing the oxidation of
metallic FeNi. Secondly, the intertwined nitrogen-doped carbon
nanotubes (CNTs) derived from carbon-containing precursors,
catalyzed by metallic Fe and Ni during high-temperature pyroly-
sis, ensure an ample supply of anchoring sites for Pt dispersion.
Most importantly, the directional transfer of electrons from the
FeNi alloy to Pt through NC results in an increased electron dens-
ity on Pt NPs. As a consequence, the activation of molecular oxy-
gen is significantly augmented by the electron-rich Pt, attributable
to the EMSI effect between the nonoxide support and Pt. This en-
hancement leads to efficient oxidation of HCHO even at ultra-low
Pt loading.

Results

Synthesis and physical structure

To stabilize Pt NPs on carbon substrate, the FeNi@NC support was
constructed through one-step pyrolysis of the mixed Nis[Fe(CN)g],
and g-C3N, precursors that were validated by X-ray diffraction
(XRD) (Figs. 1A and S2). A scanning electron microscopy image shows
that the interlaced CNTs throughout FeNi@NC endow it a three-
dimensional structure (Fig. S3), affording abundant anchor sites for
PtNPs and transfer channels for reactants. XRD pattern in Fig. 1B dis-
plays that FeNi@NC exhibits three diffraction peaks at 26 of 44.0°,
51.3°, and 75.3°, being similar to those of the face-centered cubic
(fec) Ni (JCPDS no. 04-0850) (23, 24). The negative shift in diffraction
peaks relative to those of the standard Ni sample may be caused
by the formation of FeNi alloy owing to the entrance of larger Fe
atoms into the crystal lattice of fcc Ni phase (25). The weak peak as-
signed to the (002) plane of graphitic carbon is observed at around
26°, which is derived from the carbon-containing precursors cata-
lyzed by metallic Fe and Ni at high temperature (26). Transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM) obser-
vations further reveal that the FeNi alloy NPs are encapsulated by
nanotubes, where two sets of lattice fringes with d-spacing of 0.205
and 0.340 nm are assigned to the (111) plane of FeNi alloy and (002)
plane of graphitic carbon, respectively (Fig. 1C and D) (27, 28).

After loading of Pt NPs on support, the as-obtained FeNi@NC/Pt
catalyst presents the identical XRD pattern to that of FeNi@NC,
suggesting that the modification of Pt does not pose any effect on
the phase structure of support. Although any signal related to Pt
species is not detected in the XRD spectrum, the ultrafine Pt par-
ticles (24 nm) could be observed in Fig. 1E-G (red circle), with the
interplanar spacing of 0.228 nm for identifying the (111) plane of
metallic Pt (29). The actual content of Pt was determined to be
0.0694 wt.% by inductively coupled plasma-atomic emission spec-
trometry (ICP-AES). This ultra-low Pt loading avoids its agglomer-
ation on carbon matrix. Noticeably, Pt NPs do not contact directly
with FeNi alloys beneath carbon, hinting that the probable inter-
action between FeNi alloys and Pt NPs might be mediated by
the graphitic carbon with high conductivity. The coexistence and
uniform distribution of metal species could also be revealed by a
high-angle annular dark-field scanning transmission electron mi-
croscopy (HAADF-STEM) image and the elemental mappings
(Fig. 1H), where the larger and smaller bright spots are attributed
to FeNi alloys and Pt NPs, respectively. The complete overlap of Ni
and Fe verifies the formation of FeNi alloys at atomic level, echoing
the results of XRD. In addition, the texture structures of FeNi@NC
and FeNi@NC/Pt were evaluated by N, adsorption-desorption
experiments (Fig. S4A and B). These samples exhibit the type IV iso-
therms with H3 hysteresis loops, indicating their evident mesopo-
rous structures around 2.3nm (Fig. S4D). The similar specific
surface area (Sper) and pore width distribution of FeNi@NC and
FeNi@NC/Pt manifest that the loaded Pt NPs pose a marginal effect
on the texture features. Based on the comprehensive results of the
above characterizations, it can be concluded that the ultrafine Pt
NPs are successfully anchored on CNTs encapsulating FeNi alloys.
Then, another two Pt catalysts with nearly equivalent Pt loading
(~0.065 wt.%) were prepared by using the Fe NPs-embedded NC mi-
crospheres (Fe@NC) (Fig. S5) and commercial carbon black (CB)
(Fig. S6) as supports, respectively, for elucidating the structural ad-
vantage of FeNi@NC/Pt in the following section.

Catalytic activity and stability

The catalytic activity toward HCHO oxidation was evaluated in a
continuous-flow reactor. From Fig. 2A, one can see that an evident
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Fig. 1. Synthesis and structural characterization of FeNi@NC and FeNi@NC/Pt. A) Synthetic diagram of Nis[Fe(CN)g],, FeNi@NC, and FeNi@NC/Pt. B) XRD
patterns of FeNi@NC and FeNi@NC/Pt. TEM and HRTEM images of C and D) FeNi@NC and E-G) FeNi@NC/pPt. H) HAADF-STEM image and the elemental

mappings of C, N, Ni, Fe, and Pt for FeNi@NC/Pt.

deactivation occurs over FeNi@NC as a function of time, while
FeNi@NC/Pt exhibits an excellent and stable catalytic activity,
with 92% of HCHO eliminated after 60 min of testing, indicating
that the loading of Pt NPs is indispensable to achieve efficient
HCHO abatement. Fe@NC- and CB-supported Pt catalysts
(Fe@NC/Pt and CB/Pt) were also adopted to remove HCHO at the
identical conditions, among which Fe@NC/Pt possesses the simi-
lar catalytic capacity to FeNi@NC/Pt, while CB/Pt exhibits a rela-
tively lower removal efficiency despite its larger Sger (Fig. S4C).
Theseresults imply that the TM NPs encased by carbon play a crit-
ical role in HCHO oxidation. The similar trends of CO, generation
to HCHO removal also support this speculation (Fig. S7). To illus-
trate the advantage of FeNi@NC as a support compared with
Fe@NC and CB, the actual and theoretical Pt contents in different
catalysts are shown in Fig. 2B. Although the actual Pt loadings de-
termined by ICP-AES are smaller than the nominal values owing
to theinevitable losses during catalyst preparation (30), the Pt util-
ization of FeNi@NC/Pt is much higher than that of Fe@NC/Pt and
CB/Pt. This phenomenon suggested that the interlaced CNTs net-
work in FeNi@NC could provide numerous anchor sites for Pt de-
position, thus presenting a higher utilization of Pt source than
others. Further, the contribution of FeNi core to HCHO oxidation

was studied by reducing Pt loadings in the serial FeNi@NC/Pt
and CB/Pt catalysts. As shown in Fig. 2C, the catalytic activity of
FeNi@NC/Pt diminishes slightly with the decrease of Pt content,
while the HCHO removal efficiency of CB/Pt decreases more obvi-
ously when reducing Pt content (Fig. 2D). The excellent HCHO oxi-
dation activity of FeNi@NC/Pt may originate from the EMSI
between FeNi@NC and Pt, thereby behaving the ultra-low Pt load-
ing in comparison with the state-of-art Pt catalysts for HCHO re-
moval, especially in the continuous-flow mode (8, 11, 17, 31-33).
Specifically, the comparison of HCHO abatement between
FeNi@NC/Pt and the reported Pt-based catalysts is shown in
Fig. 2E and Table S1. One can see that the catalytic activity de-
creases significantly when reducing Pt loadings in previous cata-
lyst systems, such as Pt/TiO,-IMP-NaBH, (1 and 2), Pt/P25
(DP-HCHO) (4 and 5), Pt/ZnO/TiNT (6 and 7), Pt-NC and Pt-Mix
(11and 12), and Na-Pt/AC (13 and 14). Conversely, 84% of removal
efficiency could be retained even with 0.0338 wt.% Pt loading in
our catalyst system, further revealing the structural advantage
of FeNi@NC/Pt. Subsequently, the recycling and water tolerance
experiments were conducted to explore the potential of
FeNi@NC/Pt for practical application. As depicted in Fig. 2F, the
profile of HCHO removal remains almost unchanged after five
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Fig. 2. Catalytic performance of HCHO oxidation. A) HCHO removal efficiency over different catalysts. B) The theoretical and actual contents, and
utilization of Pt over FeNi@NC/Pt, Fe@NC/Pt, and CB/Pt. HCHO removal efficiency over C) FeNi@NC/Pt and D) CB/Pt with different Pt loadings. E)
Comparison of catalytic activity between FeNi@NC/Pt and the reported Pt-based catalysts with Pt loadings no more than 0.5 wt.% tested in the
continuous-flow mode. Detailed information is given in Table S1. F) Recycling tests of FeNi@NC/Pt. Reaction conditions: 100 ppm of HCHO in air, ~30%

RH, and a GHSV of 60,000 mL g~* h™™.

cycles of testing. The catalytic activity maintains above 90% in the
relative humidity (RH) ranging from 30 to 75%, suggesting that
water does not influence the catalytic property in the wide RH
range (Fig. S8). Besides, this catalyst could retain high activity
for 15h under both high and low concentrations of HCHO at
room temperature (Figs. S9 and S10). The excellent catalytic activ-
ity, stability, and water tolerance declare the huge potential of
FeNi@NC/Pt for practical application.

Chemical states and electronic structure

Although the above analyses have attested to the beneficial effect
of FeNi@NC, especially FeNi alloys, on HCHO oxidation, the

in-depth exploration still needs to make for clarifying the origin of
high activity exhibited by FeNi@NC/Pt. X-ray photoelectron spec-
troscopy (XPS) was initially adopted to analyze the surface compo-
sitions and chemical states of samples. The survey spectra show
the coexistence of Ni, Fe, O, N, and C in FeNi@NC and FeNi@NC/
Pt (Fig. S11), with the element contents listed in Table 1 except
for Fe. One can see that both the support and catalyst are mainly
composed of C and N, which are derived from the carbon and ni-
trogen sources of the mixed precursors, whereas the oxygen with
relatively lower contents is originated from the surface oxygen
species. The undetectable atomic percent of Fe might be caused
by its insertion into the crystal lattice of cubic Ni, making it
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difficult to measure by XPS with a detection limit. The absence of
Pt signal in the survey spectrum of FeNi@NC/Pt is attributed toits
quite low loading, being validated by the results of XRD and
ICP-AES. High-resolution XPS spectra of Ni 2p and Fe 2p are dis-
playedin Fig. 3A and D to discuss the chemical states of metal spe-
cies. Figure 3A shows the signals of Ni 2ps/, and Ni 2p,, which are
deconvoluted into two pairs of peaks at around 852.9/870.5 and
854.6/872.2 €V, corresponding to Ni’ and Ni**, respectively (23,
34). The signals at 860.7 and 879.2 eV are assigned to the charac-
teristics of satellite peaks (27, 35). In comparison with FeNi@NC,
a marginally positive shift in binding energy could be discovered
at Ni 2ps, orbital of Ni° in FeNi@NC/Pt, suggesting that a possible
electron transfer occurs from FeNi to Pt mediated by carbon. The
existence of Ni’* signal might originate from the unavoidable

Table 1. Element contents and molar ratios determined from XPS
data.

surface oxidation of Ni° underlying the porous carbon.
Nonetheless, the undetectable signals related to any metal oxides
in XRD pattern suggest that the surface oxidation is quite weak.
The almost equal Ni%Ni** ratios of FeNi@NC and FeNi@NC/Pt
could verify the protection of carbon layer, which can not only
guarantee the electron transfer between FeNi and Pt owing to
the high conductivity, but also prevent the FeNi cores from further
oxidizing during Pt loading. Moreover, Ar* sputtering was adopted
during XPS measurements to identify the main component of Ni
species in FeNi@NC/Pt (Fig. S12). The intensity of Ni° signal in-
creases gradually with the sputtering time, accompanied by the
shrinkage of Ni** peak, indicating that Ni is dominant by metallic
state. High-resolution Fe 2p spectra show that the difference in
binding energy between the main peak at Fe 2ps/, and Fe 2p,, or-
bitals is 13.2 eV, implying that Fe is the main Fe species (Fig. 3D).
The appearance of Fe?" is caused by the surface oxidation, being
similar to Ni species (Fig. S13) (36).

X-ray absorption fine structure (XAFS) spectroscopy was fur-

Samples C N o Ni  Ni®/Ni#* (Opaasiceo)/ Cool ther performed to analyze the electronic property and atomic
at% at% at% at%  ratio Orotal Crotal structure of FeNi@NC/Pt. As shown in Fig. 3B and E, FeNi@NC/Pt
% % exhibits roughly similar Ni and Fe K-edge X-ray absorption near-
- edge structure (XANES) profiles to those of the Ni and Fe foils, re-
FeNi@NC 90.80 4.95 332 093 0.184 42.90 10.24 . . . . . .
FeNi@NC/Pt 9040 569 321 070  0.185 5427 1035 spectively, implying that both Ni and Fe species are dominant
by their metallic states. Nonetheless, compared with Ni foil, the
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preedge absorption of Ni in FeNi@NC/Pt has a slight shift toward
the higher energy, accompanied by the relatively higher intensity
in the white line peak, indicating the reduced electron density
around the Ni atoms that may be caused by electron donation
to Pt NPs. A similar phenomenon could be found in the Fe
K-edge XANES spectrum. The Fourier transformed extended
X-ray absorption fine structure (EXAFS) spectra of Ni and Fe are il-
lustrated in Fig. 3C and F, which show only one prominent peak at
2.2 A corresponding to metal-metal scattering paths including Ni-
Ni, Fe-Fe, and Fe-Ni (37). The shift of Ni-Ni peak in FeNi@NC/Pt
relative to Ni foil might arise from the lattice distortion of Ni crys-
tal afterits alloying with Fe. Noticeably, the absence of any signals
for metal-oxygen coordination in both Fourier and wavelet trans-
formed spectra (Fig. 3G-J) further confirms that both Fe and Ni are
dominant by the metallic states, echoing the results of XRD
and XPS.

It has been demonstrated that the chemical state of Pt has a
great influence on HCHO oxidation. However, the ultra-low con-
tent of Pt in FeNi@NC/Pt restricts its detection by XPS and XAFS.
As a way out, another catalyst with higher Pt loading (referred
to as FeNi@NC/Pt-H) was fabricated according to a similar proced-
ure except increasing the dosage of H,PtClg during preparation.
The actual Pt content of FeNi@NC/Pt-H was determined to be
0.5463 wt.% by ICP-AES, behaving the similar Pt utilization
(77.7%) to that of FeNi@NC/Pt. The identical XRD pattern of
FeNi@NC/Pt-H to its support indicates that the deposition of Pt
NPs has no influence on the crystal structure of FeNi alloy
(Fig. S14A). TEM images further demonstrate that the elevated
Pt loading does not induce the agglomeration and size increase
of Pt NPs (Fig. S14B-E). More importantly, FeNi@NC/Pt-H pos-
sesses a catalytic activity (94%) resembling that of FeNi@NC/Pt to-
ward HCHO removal (Fig. S15). These results verify the advantage
of FeNi@NC to evenly immobilize Pt NPs, making it rational to con-
duct the XPS measurement over FeNi@NC/Pt-H for elucidating the
valence state of Pt. From the survey spectra and the partially en-
larged one, we can see an evident Pt 4f signal adjacent to the Ni 3p
peak after Pt loading (Fig. S14F and G). The high-resolution Pt 4f
spectrum could be deconvoluted into three pairs of peaks at
71.5/74.9, 72.9/76.3, and 74.4/78.0 eV, corresponding to Pt°, Pt**,
and Pt**, respectively (Fig. S14H) (5, 38). Considering that Pt° is
generally recognized as an active site for O, activation, the molar
ratio of Pt%/(Pt° + Pt** + Pt**) is determined (67.6%), which is higher
than that of the reported Pt-based catalysts prepared by using
similar methods and suggests that the majority of Pt species is
in metallic state (39). The absence of Cl from XPS data for both
FeNi@NC/Pt and FeNi@NC/Pt-H further confirms the anchoring
of Pt NPs, rather than adsorption of PtCl2~, on FeNi@NC support.

Electronic metal-support interaction

The electronic interaction between FeNi@NC and Pt NPs was fur-
ther discussed from the interfacial electron exchange between
metal species (Pt or FeNi) and N-doped carbon. It has been mani-
fested that electrons could transfer spontaneously from TMs
(such as Fe, Co, Ni, and their alloys) to the N-doped carbon once
they contact, owing to the lower work function (&) of the former
(18). In contrast, Pt, possessing the highest @ among all metal el-
ements, would attract electrons from the N-doped carbon (40).
Therefore, it is rational to speculate that electrons can transfer
from FeNi alloys to NC, especially pyridinic N, owing to its ten-
dency to accept the transferred electrons (19, 20), whereas elec-
tron withdrawing from NC to Pt NPs would occur after the
deposition of Pt on FeNi@NC (Fig. 4A) (21), accompanied by the

decreased electron density surrounding pyridinic N. As shown in
Fig. 4B, both the high-resolution N 1s spectra of FeNi@NC and
FeNi@NC/Pt contain three peaks at around 398.8, 401.1, and
403.6 eV, which are attributed to the pyridinic-N, graphitic-N,
and oxidic-N species, respectively (41). Indeed, the peak of
pyridinic-N in FeNi@NC/Pt shifts to a higher binding energy rela-
tive to FeNi@NC, suggesting a reduced electron density around
pyridinic-N after loading of Pt due to the electron transfer from
FeNi@NC to Pt. The increased @ value after Pt stabilization onto
FeNi@NC further confirms the electron donation from support
to Pt (Fig. S16). Consequently, an electron flow direction from
FeNi alloys to Pt NPs via NC was revealed, ultimately enriching
the electron density of Pt NPs. Then, density functional theory
(DFT) calculations were employed to analyze the electronic inter-
action between Pt and the support using two comparable models,
one incorporating FeNi alloy and the other without. The model
representing carbon-encapsulated FeNi alloy (referred to as
FeNi@NC) features a graphene layer integrated with Fep,Niss.
Within this model, one nitrogen atom was introduced into the gra-
phene layer to simulate N-doped carbon (N;,Cy4). The Ni/Fe molar
ratio (1.5) was determined based on ICP-AES data (Table S2). To
mimic the FeNi@NC/Pt configuration (Fig. S1A and B), a Pty cluster
was incorporated onto the graphene layer of the FeNi@NC model.
Additionally, a Pt, cluster was integrated into the N;C;; model (re-
ferred to as NC/Pt) for comparative analysis (Fig. S1C and D).
Examination of the positive Bader charge on Pty in both
FeNi@NC and NC configurations reveals electron transfer from
the support to Pt (Fig. 4C). Notably, Pt, on FeNi@NC exhibited a sig-
nificantly larger charge of 0.09, indicative of electron donation
from FeNi to Pt, with NC acting as a mediator. Furthermore, the re-
sults from differential charge density analysis reveal a more pro-
nounced charge redistribution within FeNi@NC/Pt when
compared with NC/Pt (insets in Fig. 4C), providing additional sup-
port for the aforementioned conclusion.

Furthermore, the properties of the oxygen species were ana-
lyzed to explore the promotion effect of EMSI between FeNi@NC
and Pt on oxygen activation. The high-resolution O 1s spectra of
FeNi@NC and FeNi@NC/Pt display three peaks at 530.4, 531.6,
and 533.3 eV, which are ascribed to the metal-oxygen bond corre-
lated with surface oxidation of FeNi alloys, surface chemisorbed
oxygen (Oags) or C=0 on carbon matrix, and the physically ad-
sorbed H,0 or CO3™, respectively (Fig. 4D) (42-44). The C 1s spectra
could be deconvoluted into sp? C=C, C=N, and C=0 at around
284.7, 285.6, and 286.5 eV, respectively, further revealing the ex-
istence form of carbon- and oxygen-containing groups (Fig. 4D)
(25, 27). It is clear to see that the peak intensity of O.4s/C=0 in
FeNi@NC/Pt is higher than thatin FeNi@NC. Given the importance
of O,gs in room-temperature HCHO oxidation, the molar ratios of
Opads/c=0/Ototal and Cc—o/Cioral are calculated based on XPS data
to evaluate the variation in O,4s content. As listed in Table 1, the
Ooads/c=0/Ototal Value increases obviously after Pt loading, while
the Ccoo/Ciotal Value almost keeps constant, suggesting that the
deposition of Pt NPs promotes the generation of O,g.. In addition,
H, temperature-programmed reduction (H,-TPR) was performed
to assess the redox property (Fig. 4E). FeNi@NC displays an evident
reduction peak at 290 °C, which may correspond to the reduction
of surface oxides on FeNi alloys or oxygen-containing groups on
carbon matrix. FeNi@NC/Pt exhibits a stronger reduction peak
at 266 °C, which might be due to the increased number of O,qs gen-
erated by Pt NPs (45). The negative shift of this reduction peak may
be caused by hydrogen spillover from Pt to FeNi@NC, implying a
strong interaction between them (6). To sum up, the combined re-
sults of XPS, XAFS, ultraviolet photoemission spectroscopy, DFT
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E) H,-TPR profiles of the corresponding samples. F) The favorable adsorption configurations of O, on the surface of Pt in FeNi@NC/Pt and NC/Pt models.

calculations, and H,-TPR reveal the electronic interaction be-
tween Pt and FeNi@NC, which induces the intensified electron
density on Pt NPs, thereby promoting oxygen activation.
Electron spin resonance (ESR) measurements were further per-
formed to identify the types of reactive oxygen species (ROS).
FeNi@NC possesses a strong ability toward O, activation and
¢0; production, while the loading of Pt weakens the O3 signal
(Fig. S17A) (46). In contrast, CB/Pt exhibits a slightly stronger ¢O;
signal compared with CB (Fig. S17B). These results indicate that
there must be other types of ROS induced by the electron-rich
Pt NPs in FeNi@NC/Pt, despite the inherent ability of Pt for O, ac-
tivation via a single-electron reduction to form 0O;. However, the
possible transformation of ¢O3 to ¢OH was excluded due to the ab-
sence of a characteristic signal assigned to *OH over FeNi@NC,
FeNi@NC/Pt, and CB/Pt (Fig. S17C). Subsequently, DFT calcula-
tions were employed to investigate the distinct adsorption config-
urations of O, on Pty within the FeNi@NC/Pt and NC/Pt models
(Figs. 4F and S18). The calculated adsorption energy of O, (Eags)
and length of the O-O bond were acquired (Table S3). Based
on E.qe values, two favorable adsorption configurations for O,
on Pt, of FeNi@NC/Pt (denoted as 12 and I3) were identified.
Notably, the bond length of O, adsorbed at the bridge site, posi-
tioned between two neighboring Pt atoms (13), is significantly lon-
ger compared with the lengths observed in other configurations
and the formed *03 (1.35 A) (47). This observation suggests the po-
tential dissociation of chemisorbed O, by FeNi@NC/Pt. For the NC/
Pt model, the most favorable adsorption configuration of O, was
identified as a side-on mode on the Pt atom (IIS). Notably, the
bond length of the adsorbed O, on FeNi@NC/Pt (1.405 A) is longer
than that on NC/Pt (1.372 A), indicating the superior ability of
FeNi@NC/Pt to activate and dissociate molecular O, by weakening
the O-O bond, as illustrated in Fig. 4F. This phenomenon can be

attributed to the easy occupation of the antibonding states of O,
by the abundant electrons on Pt in the FeNi@NC/Pt model.
Consequently, the resulting reactive O* atoms, potentially in the
form of Pt-O*, are more inclined to participate in the HCHO oxida-
tion reaction.

Moreover, the essential role of FeNi alloy in intensifying the
electron density of Pt NPs was investigated by acid leaching of
FeNi@NC (FeNi@NC-H") followed by Pt loading (FeNi@NC-H*/Pt).
Itis clear to see that the FeNi@NC-H" support exhibits a significant
attenuation in the intensity of diffraction peaks assigned to FeNi
alloy and possesses the larger Sger and pore volume relative to
FeNi@NC (Figs. S19A and S20 and Table S4), implying that the
FeNi NPs could be removed effectively through acid leaching,
whereas the morphological structure remains unchanged
(Fig. S19B). Afterloading of Pt, the ultrafine Pt particles with legible
lattice fringe could be observed in FeNi@NC-H*/Pt (Fig. S19C-F),
accompanied by the slight decrease in surface area and pore vol-
ume. The evident pores could also be observed in the TEM images,
further confirming the leaching of FeNi. In addition, the almost
equal molar ratios of Ni/Fe before and after acid leaching indicate
the simultaneous removal of Fe and Ni, thus excluding the
probable influence of Ni/Fe ratio on electron-donating ability of
FeNi alloy (Table S2). Then, the catalytic activity of FeNi@NC/Pt
and FeNi@NC-H'/Pt toward HCHO oxidation was evaluated
(Fig. S21). Both the HCHO removal efficiency and generated CO,
of FeNi@NC-H"/Pt are much lower than those of FeNi@NC/Pt des-
pite the approximate Pt loading (Table S2), suggesting that the
partial removal of the embedded FeNi alloys is detrimental to
HCHO degradation owing to the deficiency in electron acquisition
by Pt NPs. Subsequently, another reference catalyst was prepared
according to a similar procedure with FeNi@NC/Pt except for the
addition of H,PtCls (FeNi@NC-Re). As expected, no improvement
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in catalytic activity is obtained over FeNi@NC-Re compared with
FeNi@NC (Fig. S22), suggesting that the sole reduction of support
does not contribute to HCHO abatement. These results manifest
thatboth FeNi alloys and Pt NPs are indispensable to HCHO oxida-
tion in this novel catalyst system. Therefore, the EMSI between
FeNi@NC and Pt plays a decisive role in HCHO degradation, during
which oxygen activation is facilitated by the electron-rich Pt NPs.

Reaction mechanism of HCHO oxidation

The reaction mechanism of HCHO oxidation was investigated, and
in situ diffuse reflectance infrared Fourier transform (DRIFT) spec-
troscopy was employed to analyze the process at room tempera-
ture. Figure S5A displays the characteristic peaks of intermediate
species observed during HCHO oxidation over FeNi@NC/Pt.
Specifically, the vibrational peaks at 1,340 and 1,545 cm™" are as-
signed to the symmetric and asymmetric stretching modes of the
—-COO~ group (vs(COO™) and v,5(COO™)), respectively (6, 48). The sig-
nal at 1,698 cm™ is attributed to the vy(C=0) mode of formate spe-
cies (49). Additionally, the signal at 1,397 cm™" is assigned to the
6(CH) mode of formate species (50). The weak vibrational peaks re-
lated to dioxymethylene (DOM) also could be detected at
1,455 cm ™' and the range of 800-1,200 cm™ (51, 52). The vibrational
peak at 1,649 cm™" could be attributed to the adsorbed H,O (45).
These results suggest that HCHO can be oxidized into CO,, with
formate species identified as the most important intermediate

product (Fig. S23A). In the case of FeNi@NC, although most of the
signals assigned to formate species were detected, the peak inten-
sity was relatively weaker (Figs. 5B and S23B). Combined with the
results of HCHO removal and ESR testing, it can be concluded
that the formate species formed over FeNi@NC cannot be fully de-
composed, and they occupy the active sites, thereby inhibiting the
subsequent oxidation of HCHO. This observation further indicates
that O3 generated by FeNi@NC is not the primary ROS during
HCHO oxidation. Conversely, the electron-rich Pt, induced by the
enhanced EMSI effect between FeNi@NC and Pt, can efficiently ac-
tivate O, to produce reactive O* atoms. As revealed in Fig. 5C, O, is
adsorbed less strongly on FeNi@NC/Pt, followed by dissociation
into two O* atoms more easily than that on NC/Pt. The O* atoms
readily react with HCHO to form DOM, which subsequently trans-
forms into formate species, leading to the eventual formation of the
end products, CO, and H,O (Fig. 5D). Importantly, this process re-
leases the active sites for the continuous oxidation of HCHO.

Discussion

In conclusion, a novel supported Pt catalyst was developed by com-
bining ultrafine Pt NPs with FeNi@NC to enhance molecular oxygen
activation. The interwoven CNT network within FeNi@NC provided
a distinct advantage in increasing the Pt source utilization.
Remarkably, efficient oxidation of formaldehyde was achieved
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even with ultra-low Pt loading (<0.035 wt.%) at room temperature,
surpassing previous Pt-based catalysts. Multiple characterizations
and DFT calculations unveiled a directional electron transfer from
FeNi alloy to Pt mediated by graphitized carbon, driven by the
unique EMSI effect between FeNi@NC and Pt. This charge transfers
endowed Pt with electron-rich properties, enhancing O, activation
with elongation of O-O bond, ultimately leading to the deep oxida-
tion of formaldehyde to CO,. This study presents a promising strat-
egy for designing efficient Pt catalysts on nonoxide supports for the
catalytic degradation of air pollutants.

Materials and methods

Additional details regarding the Materials and Methods are given
in Supplementary material.

Material fabrication

Before preparing the supported noble metal catalysts, FeNi@NC
was fabricated through the high-temperature pyrolysis of the
mixed Nis[Fe(CN)g], and g-CsNy precursors. First, Nis[Fe(CN)g],
was synthesized through a facile self-assembly reaction of
NiCl, and K5[Fe(CN)g] in agueous solution at room temperature.
g-C3Ny4 was prepared by calcining melamine at 550 °C for 2 h in
the muffle furnace. Then, 0.8 g of Nis[Fe(CN)g], and 1.2 g of
g-C3Ny were ground in an agate mortar for 20 min to acquire
their uniform mixtures, followed by pyrolyzing at 750 °C for
2 h under nitrogen atmosphere to obtain the black FeNi@NC
powder. The detailed experimental process for synthesis
of Nis[Fe(CN)g], is presented in Supplementary material.
Subsequently, FeNi@NC was used as support to stabilize Pt
NPs through an oscillation-assisted reduction pathway.
Specifically, 0.17 g of FeNi@NC was dispersed in 6 mL H,0
through ultrasonication to obtain a homogeneous suspension.
Then, a certain volume of H,PtCls solution (2mg mL7™})
was diluted into 4 mL, followed by adding into the above sus-
pension during oscillation and keeping for 1 h. Afterward, the
freshly prepared NaBH, (0.1 mol L™ and NaOH (0.5 mol L™
aqueous solution (2 mL) was utilized to reduce PtCl2~ to obtain
the FeNi@NC/Pt catalyst after centrifugation and drying.
FeNi@NC/Pt in this study refers to the Pt loading of 0.0694
wt.% unless otherwise stated. For comparison, CB and Fe@NC
were used to deposit Pt NPs according to a similar procedure
and denoted as CB/Pt and Fe@NC/Pt, respectively.

Structural characterizations

The experimental details of catalyst characterizations and DFT
calculations are presented in Supplementary material.

Catalytic activity evaluation

The HCHO oxidation activity was evaluated using a fixed-bed re-
actor, where 0.1 g of catalyst (40-60 meshes) was sandwiched by
silica wool in a stainless steel tube (@ =6 mm) during each test.
The initial concentration of HCHO was determined to be
100 ppm by passing an air flow through the formaldehyde solu-
tion (37 wt.%) in a stainless steel container at 15 °C, while the
RH was controlled by air flow through the water tank. Gas hourly
space velocity was determined to be 60,000 mL g~* h~* by adjust-
ing the total flow rate (100 mL min~") with mass flow meters. The
concentrations of HCHO and CO, during HCHO oxidation were
monitored by an INNOVA 1412i photoacoustic gas monitor
(LumasSense Technologies, Inc., Denmark) in real time, with the
detection limits of 0.04 and 5.1ppm for HCHO and CO,,

respectively. HCHO removal efficiency (5, %) was calculated
according to the following equation:

n = (1-[HCHO],./[HCHO];,) x 100%

where [HCHO]i, and [HCHO].y: represent the initial and real-
time concentration of HCHO (ppm), respectively. The recycling
tests were carried out by repeating the HCHO removal testing
over FeNi@NC/Pt five times at identical conditions.
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