
 

ARTICLE 

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 
Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

In-situ precise anchoring of Pt single atoms in spinel Mn3O4 for 
highly efficient hydrogen evolution reaction 
Jinxin Wei,a Kang Xiaoa,*, Yanxiang Chen,a Xing-Peng Guo,a Bolong Huangb,*and Zhao-Qing Liua,* 

Although the synthesis of single atom catalysts (SAC) has attracted intensive attention for hydrogen evolution reaction (HER), 
realizing the precise control in the structure of atomic catalysts and the electronic metal-support interaction is still highly 
challenging. The understanding of SAC from the atomic level is particularly important for further improving electrochemical 
performances. Herein, we have reported the synthesis of a spinel Mn3O4 supported Pt SACs (PtSA-Mn3O4) based on the in-
situ precise anchoring of the Pt atoms in the octahedral sites for the first time. The strong interactions between the Pt and 
Mn3O4 have significantly modulated the electronic structures with optimized d-band center and binding strength of 
intermediates. Under the alkaline environment, the catalyst shows an excellent HER performance with an ultra-low 
overpotential of 24 mV at 10 mA cm-2 and high mass activity of 374 mA mg-1

Pt (50 mV), which is superior to 20 wt% Pt/C and 
the most reported high-performance catalysts. This work has supplied insightful information for the rational design of 
efficient SAC with high controllability and superior performances.      

Introduction 
Hydrogen (H2) is one of the most promising clean energy resources 
providing high energy density for electricity conversion whilst with 
zero-pollutant emission.1-4 Water splitting of electrocatalytic 
hydrogen evolution reaction (HER) powered by renewable 
electricity is considered a low-cost and sustainable strategy.5-7 HER 
is an electrochemical process that occurs at the 
electrode/electrolyte interface to reduce H3O+ (acidic) or H2O 
(alkaline) to H2.8-10 Platinum (Pt) is the most efficient material for 
catalytic HER, due to the appropriate adsorption/desorption energy 
towards the H intermediates. However, the low abundance and 
high cost of Pt severely restrict its industrial applications.11-13 
Therefore, it is necessary to develop high-performance HER catalyst 
while using a minimized Pt amount. Single-atom catalysts (SACs) 
take the advantage of maximizing the utilization of each metal 
centers while affording even higher performance than its 
aggregated clusters or nanoparticles.14-20 For Pt-based catalysts, the 
slow alkaline HER kinetics are due to the high energy barrier that 
needs to be overcome for the water dissociation step.21 Therefore, 
the rational design of catalyst structure and properties to modulate 
the concentration and type of active sites is essential for an efficient 
and stable HER catalytic process.22-24 

Pt single-atom catalysts, with the optimized electronic structure 
of the catalyst through electronic metal-support interaction (EMSI) 
are excellent representatives to improve HER activity.25-27 For 

instance, Pt single-atom sites (Pt/np-Co0.85Se) on nanoporous 
cobalt selenide endowed electronic interactions between the Pt 
single atom sites and the np-Co0.85Se support, which favored the 
adsorption/desorption of hydrogen and, thus improved HER 
performance.28 In addition, Pt single atoms immobilized on two-
dimensional NiO/Ni heterostructure (Pt-NiO/Ni) and one-
dimensional Ag nanowires were constructed as an excellent 
alkaline HER catalyst. In the constructed catalyst, the occupancy of 
Pt-5d orbitals near the Fermi energy level was enriched, combined 
with the modulated binding energy of reactants (OH* and H*) on 
the dual active sites composed of O vacancy-modified NiO and 
metallic Ni.29 Furthermore, the materials with certain electron 
interaction between the Pt single atom sites and the support all 
showed excellent HER activity, including Pt single-atom anchored 
N-doped carbon spheres (Pt1/NMHCS),30 MXene nanosheets with
surface Mo vacancies (Mo2TiC2Tx-PtSA),16 and sodium titanate
nanowires (Pt/NaTiO).31 These results evidenced that EMSI helps
the increased occupancy of the Pt d orbital in the Fermi level, which 
favors the reduction of intermediate species. Therefore, the
rational construction of Pt single atom sites on a proper support is
the key to improving HER. The coexistence of tetrahedral sites and
octahedral sites in the spinel structure provides multiple locations
for metal cations of different valence states, thus has attracted
enormous research interest in electrocatalyst applications.32, 33 In
general, the electronic structure and HER activity of spinel-
supported catalysts are affected by the site occupation of cation
doping sites (tetrahedral or octahedral sites),34 which provides a
means of tuning the electronic structure of catalysts to enhance
catalytic performance. Despite the reported Pt SACs showing
excellent catalytic performance in alkaline HER, there are few direct 
insights focusing the combination of Pt single atom sites on Mn3O4

spinel, especially anchoring in the octahedral sites.
Herein, we report the preparation of porous manganese 

tetroxide nanosheets with Mn3+ vacancies (VMn-Mn3O4) by potential 
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Figure 1. (a) Schematic diagram of the synthesis process. CE counter electrode, RE reference electrode, WE working electrode, The WE is 
Mn3O4. The red, blue, and grey balls refer to O, Mn, and Pt atoms, respectively. (b) HAAD-STEM images of Mn3O4. (c) HAADF-STEM image 
and (d) STEM-EDX mapping of PtSA-Mn3O4. 

cycling method, during which the Mn3+ sites were partially 
dissolved and thus created the vacancies for the anchoring Pt single 
atom. Ultraviolet photoemission spectroscopy, and X-ray 
absorption fine structure (XAFS), verified that the Pt single atom 
preferably located in the octahedral site of Mn3O4, forming 6 O-
coordinated covalent Pt-O bonds with the surrounding O atoms of 
Mn vacancies, stabilizing the single Pt atom. Density functional 
theory (DFT) calculations show the charge redistribution induced by 
the electron transfer from the single Pt atom sites to O atoms, 
increasing the energy band occupancy of the catalyst near the 
Fermi energy level, which facilitates the H* adsorption and the 
following H2 desorption. Additionally, the single Pt atom and Mn 
active sites on the surface of PtSA-Mn3O4 exhibit better adsorption 
affinity for H* and OH*, respectively, since the upward shift of the 

d-band center is caused by platinum doping, which effectively 
improves water adsorption and dissociation. At 1 M KOH, PtSA-
Mn3O4 (-0.919 eV) demonstrates a strong water adsorption 
capacity and the lowest water dissociation energy barrier (0.403 eV) 
compared to Mn3O4. Thus, the mass activity and turnover 
frequency (TOF) of PtSA-Mn3O4 were 5 and 25 times higher than 
those of Pt/C, respectively, at an overpotential of 50 mV. This work 
provides valuable insights into tuning the electronic structure in 
spinel oxides to obtain single-atom catalyst systems with highly 
efficient alkaline HER. 

Results and discussion 
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Figure 2. (a) XANES spectra, and (b) k3-weight EXAFS spectra of PtSA-Mn3O4, Pt foil and PtO2. (c) EXAFS wavelet transform plots of PtSA-Mn3O4, 
Pt foil and PtO2. (d) FT EXAFS spectra and corresponding fitting curve of the PtSA-Mn3O4. (e) UPS valence band spectra of Mn3O4 and PtSA-
Mn3O4.

The pure Mn3O4 support was prepared by electrodeposition 
method on Ni foam (NF) (Supplementary Figure S1). Inspired by 
disproportionated reaction of manganese oxides during the 
electrochemical charge-discharge process, vacancy generating and 
Pt atom anchoring were performed by cyclic voltammetry (CV) 
method in 0.5 M Na2SO4 containing 0.095 mM H2PtCl6•6H2O (Figure 
1a).35, 36 During the CV cyclic process, Mn atoms gradually dissolved 
from the Mn3O4 to form Mn vacancies, which thus served as 
vacancy sites for subsequent deposition of Pt atoms (Figure S2).28, 

37 To optimize the content of Pt single atoms on Mn3O4, Different 
the potential cycles from 100 to 900 were applied to resulting Pt-
Mn3O4-x samples, where x refers to potential cycles. (Figure S3 and 
Figure S4). The Pt loadings of Pt-Mn3O4-1, Pt-Mn3O4-3, Pt-Mn3O4-5, 
Pt-Mn3O4-7, and Pt-Mn3O4-9 were in the range of 1.58 wt.%-11.84 
wt.%, as determined by inductively coupled plasma emission 
spectroscopy (ICP-OES Table S1). It is noteworthy that a 
quantitative leap in Pt loading occurs when the potential cycle 
exceeds 500 runs, which may be due to higher Mn vacancy 

generation and/or in situ nucleation of Pt growing into small 
clusters.38, 39 The morphologies of Pt-Mn3O4-x samples were 
examined by scanning electron microscope (SEM) (Figure S5 and 
Figure S6) and transmission electron microscope (TEM). Similar to 
pure Mn3O4, the Pt-Mn3O4-x samples remained nanosheet 
structure, without showing any big Pt nanoparticles. Further, the X-
ray diffraction patterns (XRD) of Pt-Mn3O4-x samples displayed 
typical characteristic peaks to Mn3O4, except for reduced 
crystallinity and a slight shift (Figure S7), no Pt peaks were observed, 
implying the embedding of single Pt atoms in the Mn3O4 lattice did 
not cause a phase transition.40  

Usually, the active surface area of metallic Pt films was estimated 
by the electrooxidation of underpotentially deposited hydrogen, 
i.e., Hupd. Here, we used the Hupd as an indicator to discern the 
unreacted Pt single-atoms and the agglomerating Pt clusters. CV 
measurements were conducted in N2-saturated 1.0 M KOH and N2-
saturated 1.0 M phosphate buffer solution (PBS).41, 42 As shown in 
Figure S8, neither adsorption/desorption peaks of Pt-H nor surface 
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Pt-O formation/reduction peaks were observed on Pt-Mn3O4-1, Pt-
Mn3O4-3, and Pt-Mn3O4-5. This implies that the Pt sites were 
atomically dispersed when the potential cycling was lower than 500 
runs.43-45 Further increase in the potential cycles led to the 
undesirable formation of Pt nanoparticles. This is consistent with 
the HER activity of Pt-Mn3O4-x samples, among which the Pt-
Mn3O4-5 showed superior HER area activity (Figure S3) as well as 
mass activity (Figure S9). Therefore, we focused on the optimized 
Pt-Mn3O4-5 catalyst, which was denoted as PtSA-Mn3O4 in the 
following discussion. 

High-angle annular dark-field scanning TEM (HAADF-STEM) in 
Figure 1b shows that slight Mn vacancies were observed in 
Mn3O4.46 The bright spots appearing in Figure 1c correspond to the 
heavier Pt atoms, confirming the formation of single Pt atoms. 
Meanwhile, STEM-energy-dispersive X-ray (EDX) elemental 
mapping further demonstrated the uniform distribution of Mn, O, 
and Pt elements throughout Mn3O4 (Figure 1d and Figure S10). The 
oxidation state of platinum in PtSA-Mn3O4 was further analyzed by 
X-ray photoelectron spectroscopy (XPS). The Pt/C containing 
metallic Pt showed two peaks at 71.65 eV and 74.95 eV in the XPS 
result. Whilst in Pt 4f XPS spectrum of PtSA-Mn3O4, the two peaks 
positioned at higher binding energies, i.e., 75.23 eV and 78.43 eV, 
which were assigned to the oxidized Pt (II, IV) species (Figure S11). 
The higher binding energy shift of the Pt 4f peak of PtSA-Mn3O4 
compared with Pt/C reveals the electron transfer from the single Pt 
atom in PtSA-Mn3O4 to the support Mn3O4 because of the EMSI 
effect between Mn3O4 and single-Pt-atom (Figure S12). In the Mn 
2p region, the average oxidation state of the surface Mn atoms 
increases after the single Pt atom doping, leading to the positive 
shift of the Mn 2p peak (Figure S13). The location of Pt doping sites 
was investigated using Mn 2p XPS spectra (Figure S14). Generally, 
in Mn3O4, Mn2+(3d5) atoms with a low spin state occupy the 
tetrahedral position, and Mn3+(3d4) atoms with a high spin state 
occupy the octahedral position.47-49 Comparing the fitted ratios of 
Mn2+ to Mn3+ for Mn3O4, PtSA-Mn3O4, and Mn3O4 with Mn vacancies 
(VMn-Mn3O4), the fitted ratios for the three samples were 1.08, 1.42, 
and 1.48, respectively, which implies that the content of Mn3+ 
decreased after cycling and a small the Mn 2p region, the average 
oxidation state of the surface Mn atoms increases after the single 
Pt atom doping, leading to the positive shift of the Mn 2p peak 
(Figure S13). The location of Pt doping sites was investigated using 
Mn 2p XPS spectra (Figure S14). Generally, in Mn3O4, Mn2+(3d5) 
atoms with a low spin state occupy the tetrahedral position, and 
Mn3+(3d4) atoms with a high spin state occupy the octahedral 
position.47-49 Comparing the fitted ratios of Mn2+ to Mn3+ for Mn3O4, 
PtSA-Mn3O4, and Mn3O4 with Mn vacancies (VMn-Mn3O4), the fitted 
ratios for the three samples were 1.08, 1.42, and 1.48, respectively, 
which implies that the content of Mn3+ decreased after cycling and 
a small amount of Mn dissolved from Mn3O4 during the cycling 
process to form octahedral Mn vacancies. Moreover, the fitted 
ratios of PtSA-Mn3O4 and VMn-Mn3O4 are almost equal, and PtSA-
Mn3O4 is slightly larger than VMn-Mn3O4, which may be due to the 
principle of charge neutralization and the formation of more Mn3+ 
vacancies in the Pt embedding process. Notably, Pt (IV) (0.63 Å) has 
an ionic radius similar to that of the high spin state Mnhs

3+ (0.65 Å), 
which facilitates Pt substitution into the Mn3+ site. 

To further verify the relationship between the valence of Mn 
cations and Mn vacancies, electron spin resonance (ESR) analysis 
was performed. A typical Mn (II) sextet of lines was observed in the 
ESR spectrum of PtSA-Mn3O4 (Figure S15),50-52 while similar or 
relatively low ESR intensities were observed in the pristine Mn3O4 
and VMn-Mn3O4 samples. The ESR results further demonstrate the 
increase of Mn2+ concentration in the material, implying vacancies 
come from the decrease of Mn3+. Figure S16a shows the 
characteristic Raman peaks of Mn3O4 with two smaller peaks 
located at 300-400 cm-1, which belongs to the Eg vibration mode, 
and a sharper peak at 600-650 cm-1, which belongs to the A1g 
vibration mode.53, 54 The A1g mode corresponds to the Mn-O 
respiration vibration of Mn2+ in the tetrahedral coordination. 
Compared with Mn3O4, the A1g peak of PtSA-Mn3O4 shifts towards a 
higher frequency, and the A1g vibrational mode blue-shifts is related 
to the decreased Mn-O bond breathing frequency in the tetrahedra. 
The Pt doping into the octahedral sites leads to a change in the 
covalency of the tetrahedral Mn-O bonds connected to it, a local 
deformation, and a shortening of the Mn-O bonds (Figure S16b). 
Interestingly, with increased Pt doping, the bond length of the 
tetrahedral Mn-O bond is progressively shorter. Further, the 
electronic structure and atomic coordination environment of PtSA-
Mn3O4 were analyzed by X-ray absorption spectroscopy (XAS).55 
According to the Pt L3-edge X-ray absorption near edge structure 
(XANES) analysis (Figure 2a), the white-line intensity of the PtSA-
Mn3O4 between Pt foil and PtO2, indicating the positive charge state 
of the single-atom Pt sites in PtSA-Mn3O4, implying the electron 
transfer from Pt to O atom in the support Mn3O4. The intensity of 
the white-line peak is used as an indicator of 5d electronic state 
occupancy.29, 30, 56 Under acidic conditions, the 5d orbital occupancy 
correlates with the binding strength of H* intermediates. But, 
under alkaline conditions, the 5d orbital occupancy correlates with 
the binding strength of OH* intermediates, which is significant for 
improving HER activity.25 According to the WL peak intensity of PtSA-
Mn3O4, the average oxidation state and 5d-electronic state 
occupancy of Pt is higher and reveal a strong OH* adsorption 
capacity, which is favorable for hydrolysis. Figure 2b shows the 
extended X-ray absorption fine structure (EXAFS) of PtSA-Mn3O4. 
The curve for PtSA-Mn3O4 exhibits a dominant peak at 2.05 Å, 
associated with Pt-O scattering from the first shell layer, and no Pt-
Pt contributing peak, confirming the presence of single Pt atoms, in 
agreement with the HAADF-STEM observation. To obtain more 
accurate results, we performed wavelet transform (WT) analysis.57, 

58 As shown in Figure 2c, PtSA-Mn3O4 displays intensity maxima 
different from Pt foil and PtO2, strongly confirming the Pt single 
atoms dispersion. Moreover, the graphs of PtSA-Mn3O4 and PtO2 in 
the region of the radial distance of 1-2.5 Å have a high similarity, 
which implies the same type of bonds and elemental species 
coordinated to Pt atoms. Furthermore, the first-shell fitting of PtSA-
Mn3O4 indicates that the coordination number (CN) is about 6.5 for 
Pt-O contributed (Figure 2d and Table S2), confirming the anchoring 
of Pt to the octahedral site of Mn3O4, where the CN about 2 for Pt-
O contributed is assigned to two bonds above and below the dz

2 axis, 
and Pt-O contribution with about 4 for CN is assigned to four bonds 
in the xy plane (Refer to the illustration in Figure 2d). It is 
noteworthy that the Pt-O bond in the PtSA-Mn3O4 sample is slightly 
longer than that in PtO2, and the fitting results verify this. We also  
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Figure 3. Density functional theory (DFT) calculations. (a) Schematic illustration of preference of Pt doping into octahedral sites of Mn3O4. (b) 
Calculated charge density distribution differences between Mn3O4 and PtSA-Mn3O4. Cyan and yellow isosurfaces represent negative and 
positive charges. The blue and red balls refer to Mn and O atoms. (c) Calculated PDOS of Mn3O4 and PtSA-Mn3O4. The white dashed lines 
represent the d-band center calculated by DFT. (d) Schematic DOS diagrams illustrating the EMSI effect on the d-band position of PtSA-Mn3O4, 
and bond formation between the catalyst surface and the adsorbates (Ads.). (e) Calculated Gibbs free energy for the Volmer step on the 
surface of Mn3O4, Pt (111) and PtSA-Mn3O4. (f) Calculated ΔGH* values of hydrogen evolution at equilibrium potential for Mn3O4, Pt (111) and 
PtSA-Mn3O4. 

used ultraviolet photoelectron spectroscopy (UPS) to investigate 
the effect of Pt anchoring on the electronic structure of the catalyst 
(Figure 2e). The valence band maxima of Mn3O4 and PtSA-Mn3O4 are 
about 3.38 eV and 2.94 eV, respectively. Obviously, the valence 
band energy level after Pt doping is close to the Fermi level. Since 
the valence electrons near the Fermi level mainly originate from the 
d-band contribution, the valence band shift of PtSA-Mn3O4 indicates 

that its d-band center has also shifted.21, 59, 60 The work function (φ) 
calculation further confirms this conclusion (refer to the inset in 
Figure 2e): the φ values are 4.5 eV and 4.46 eV for Mn3O4 and PtSA-
Mn3O4, respectively, indicating that Pt embedding decreases the 
work function of Mn3O4. The lower work function means a higher 
d-band center and a weaker electron binding ability, and thus the  



  

 

ARTICLE 

  

Please do not adjust margins 

Please do not adjust margins 

 

Figure 4. Electrocatalytic performance of the catalysts. (a) HER polarization curves of NF, Mn3O4, PtSA-Mn3O4 and Pt/C (with IR compensation). 
(b) Tafel plots obtained from the polarization curves in part a. (c) The comparison of overpotentials required to achieve 50 mA cm−2 for 
catalysts. (d) The mass activity of PtSA-Mn3O4 and Pt/C. (e) Nyquist plots of NF, Mn3O4, PtSA-Mn3O4 and Pt/C. (f) TOF plots of PtSA-Mn3O4 and 
Pt/C. (g) Chronopotentiometry response curves at a constant current of 10 mA cm-2. 

weaker electron binding facilitates the escape of electrons from the 
catalyst surface to participate in the catalytic reaction. 

Based on the structural analysis, density functional theory 
calculations reveal the effect of anchoring of Pt single atom on the 
catalytic activity and electronic structure produced by the catalyst. 
According to the XRD, HAADF-STEM, and XAS results, the models of 
Mn3O4 and PtSA-Mn3O4 were constructed as shown in Figure S17. 
DFT calculations show that the total energy of a Pt atom doped into 
the octahedral site of the Mn3O4 unit cell is 1.21 eV lower than that 
of the doped tetrahedral site, confirming the Pt is thermodynamics 
favorable to locate in the octahedral site (Figure 3a). According to 
the charge density difference calculated in Figure 3b and Figure S18, 
the Pt single atom embedded in Mn3O4 caused a charge 
redistribution in the octahedral region of the Pt bond because of 
the different electronegativity of the Pt and O atoms (1.55 for Mn, 
2.28 for Pt, 3.44 for O). The cyan region represents the depletion of 
charge density around the single-atom Pt, charge transfer from the 
Pt atom to the bonded O atom due to the strongly EMSI effect. 
Moreover, the calculated total and partial density of states (PDOS, 
Figure S19) reveal that the PDOS of PtSA-Mn3O4 shows a new 
occupied state near the Fermi level, indicating a stronger 
hybridization between Pt and O orbitals, and the PDOS of Pt-

immobilized Mn3O4 shows higher occupancy near the Fermi energy 
level (EF), which in summary suggests that the addition of Pt 
promotes electron transfer and higher electrical conductivity. 
Based on Nørskov's d-band center theory, when an adsorbed 
molecule approaches the catalyst surface, the orbitals of the 
adsorbed species interact electronically with the metal orbitals, 
thus leading to energy level splitting.61, 62 The stability of the system 
depends on the position of the antibonding orbital generated by the 
energy level splitting: antibonding states above the Fermi energy 
level favor the adsorption of H* (acidic) or OH* (alkaline) 
intermediates during HER, and vice versa. When the Pt single atom 
sites anchor in the octahedral site, the Pt d orbital hybridizes with 
the p orbital of the O atom on the support, and electron transfer 
occurs in the Pt bonding region, which causes the d-band center (Ed) 
of PtSA-Mn3O4 to the upshift (Figure 3c). Will have more adsorbate 
antibonding states pulled above the EF and enhance the interaction 
between the adsorbed molecule and PtSA-Mn3O4 (Figure 3d).63 The 
valence band is close to the EF energy level after Pt doping, which is 
consistent with the results of UPS. Based on the above analysis, we 
further investigated the energy barriers of the catalyst during the 
HER process under alkaline conditions. We found that PtSA-Mn3O4 
exhibited the strongest adsorption capacity for H2O (-0.919 eV, 
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Figure 3e) compared to Mn3O4 (-0.801 eV) and Pt (111) (-0.237 eV). 
In addition, PtSA-Mn3O4 exhibits an optimal water dissociation 
energy barrier (0.403 eV) due to the upshift of the Ed energy level, 
and the strong interaction of the OH* intermediate with the PtSA-
Mn3O4 surface promote water dissociation. In the subsequent step, 
Figure 3f shows a hydrogen adsorption free energy (∆GH*) value of 
-0.179 eV for PtSA-Mn3O4 at the single-atom Pt site, which is close 
to that of Pt (111) (-0.137 eV). These results suggest that the Mn3O4-
supported single Pt atom can effectively enhance the d-band 
occupancy of the catalyst near the Fermi level, which will facilitate 
the adsorption and dissociation of H2O and H*, and improve the 
catalytic activity of HER under alkaline conditions. 

The HER activity of PtSA-Mn3O4 was evaluated in 1 M KOH 
electrolyte. For comparison, we also tested the HER performance 
for Ni form support, pure Mn3O4, and commercial 20 wt% Pt/C. As 
shown in Figure 4a, PtSA-Mn3O4 possesses excellent intrinsic HER 
activity in alkaline media, requiring very low overpotentials of 24 
and 90 mV to achieve current densities of 10 and 100 mA cm-2, 
significantly better than NF, Mn3O4, and Pt/C catalysts. The Tafel 
slope in Figure 4b shows a smaller Tafel slope of 54 mV dec-1 for 
PtSA-Mn3O4, much lower than Mn3O4 (121 mV dec-1), NF (149 mV 
dec-1) and Pt/C (70 mV dec-1). And the overpotential required to 
reach 50 mV cm-2 was drastically reduced (Figure 4c). The above 
results showed that the PtSA-Mn3O4 proceeded the HER process a 
Volmer-Heyrovsky mechanism, that is rate-determining step is the 
desorption of H2 in the Heyrovsky step (Figure S20). Furthermore, 
the mass activity of PtSA-Mn3O4 at an overpotential of 50 mV is 374 
mA mg-1, which is 5-times higher than that of the commercial Pt/C 
catalysts (75 mA mg-1) (Figure 4d). These results indicate that the 
Mn3O4-constrained Pt single-atom can effectively increase the HER 
activity and improve Pt atom utilization efficiency under alkaline 
conditions, and the cost is a substantial reduction. Besides, the 
double-layer capacitance (Cdl) of PtSA-Mn3O4 catalyst (6.10 mF cm-2) 
was significantly improved compared with Mn3O4 (4.11 mF cm-2), 
implying that the Mn3O4-anchored Pt single-atom has more active 
sites for catalytic HER (Figure S21-S22). The HER kinetics of the 
catalyst in the catalytic process was further investigated using EIS 
(Figure 4e). The results show that PtSA-Mn3O4 exhibits a smaller 
semicircle than Mn3O4 and NF in the Nyquist plot, mainly due to Pt 
hybridization with O to promote charge transfer. Moreover, we 
analyzed the turnover frequency of single Pt atomic sites,64, 65  and 
the TOF of PtSA-Mn3O4 at -50 mV vs. RHE was 10.11 s-1, which is 25-
times higher than that of the Pt/C catalyst (0.40 s-1) (Figure 4f). The 
long-term stability of the PtSA-Mn3O4 catalyst employing the 
chronopotentiometry method, and Figure 4g shows that PtSA-
Mn3O4 exhibits outstanding HER stability and can remain stable for 
more than 45 h at a constant current of 10 mA cm-2 with a smaller 
negligible potential increase. SEM, TEM, and EDS characterization 
of PtSA-Mn3O4 also confirmed that the morphology did not change 
after long-term HER stability testing, and Pt, Mn, and O elements 
remained uniformly distributed on the nanosheets (Figure S23-24). 
Notably, XRD and XPS characterization further verified that no 
phase change occurred in PtSA-Mn3O4 after a long-term operation, 
and no Pt0 peak was observed, with single Pt atoms still present 
(Figure S25). The above results mean that PtSA-Mn3O4 has good 
stability under alkaline conditions. To the best of our knowledge, 
the HER performance of our PtSA-Mn3O4 catalyst in 1-M KOH is also 

superior to the most recently reported advanced noble metal-
based single-atom catalysts (Table S3), confirming the superiority 
of Pt-embedded Mn3O4 catalyst. 

Conclusions 
In summary, we reported a simple cyclic voltammetry strategy 

to prepare PtSA-Mn3O4 material as an efficient alkaline HER catalyst. 
The Pt single atom sites were preferentially embedded in the Mn3+ 
octahedral sites. Due to the strong EMSI effect between Pt atoms 
and the spinel Mn3O4 support, the modulated d-band center of PtSA-
Mn3O4, and thus the increased Ed energy level facilitates the 
adsorption of OH* intermediates on the surface of PtSA-Mn3O4 
under alkaline conditions, which vastly promotes the dissociation 
of water. Compared to Pt and Mn3O4, PtSA-Mn3O4 reached the 
lowest hydrolysis energy barrier (0.403 eV) in the Volmer step and 
optimized the ∆GH* (-0.179 eV). As confirmed in the electrochemical 
tests, the PtSA-Mn3O4 showed a low overpotential of 24 mV at a 
current density of 10 mA cm-2, as well as a high TOF value (10.11 s-

1) and high mass activity of 374 mA mg-1
Pt at 50 mV, which makes it 

one of the most advanced noble metal-based single-atom catalysts. 
This work provides a valuable reference for the rational design of 
low-cost but efficient single-atom catalysts with site-selective atom 
doping. 
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