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Figure S1. (a,b) SEM images of MMA-1.0-Acid. All scale bars are 100 nm.
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Figure S2. HAADF-STEM micrographs of MMA-0.75-Acid under different magnifications.
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Figure S3. Azimuthally integrated SAXS patterns of the (i) KIT-6 template and (ii) MMA-0.75-
Acid sample. The SAXS intensity of the MMA-0.75-Acid pattern is enhanced by a factor of 2.5

for improved clarity. Tick marks indicate the principal reflection and expected higher-order
reflections for the Ia3d symmetry.
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Figure S4. HRTEM micrograph of MMA-0.25-Acid.
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Figure SS5. HRTEM images of (a) MMA-0.5 and (b) MMA-0.5-Acid.
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Figure S6. SAED pattern of MMA-0.75-Acid. The diffuse rings are indexed to the fcc reflections
(111), (200), (220), and (311), indicating a polycrystalline, single solution fcc structure.
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Figure S7. HAADF-STEM and corresponding EDS profiles of as-synthesized samples of (a,b)
MMA-0.25 and (c,d) MMA-0.5. All scale bars are 10 nm.
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FeCoNi bulk shell

Figure S8. HAADF-STEM image of MMA-0.5 displayed in Figure 2b acquired at lower
magnification. The white colored highlighted regions indicate the FeCoNi-enriched bulk shell
features formed on the exterior of the mesoporous particle cores.
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Figure S9. SEM images of MMA-0.75. All scale bars are 100 nm.
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Figure S10. XRD pattern of as-synthesized FeCoNiCu prepared at 0.75 M SBH in the absence of
Pt. The diffraction peaks assigned to metallic Cu and CuO, indicating partial oxidation in the Pt-
free sample. The emergence of oxide reflections highlights the role of Pt in stabilizing the metallic
phase in the mesoporous alloy. Reference XRD peak positions for Cu metal (red, PDF 00-001-
1241) and CuO (black, PDF 01-078-0428) are shown for comparison.
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Figure S11. SEM image of as-synthesized Pt-free FeCoNiCu prepared at 0.75 M SBH.
Uncontrolled overgrowths and poorly defined porosity features are observed.
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Figure S12. HER polarization curves of (a) as-synthesized MMA-0.5 and MMA-0.5-Acid and (b)
as-synthesized MMA-0.75 and MMA-0.75-Acid, measured in 1.0 M KOH.

S13



@ o (B) 151 -
_ meso-Pt . * meso-Pt » —_ 0
N 0.14 g %1 meso-Pt
' o
£ -10 —_~ Y
o = 0.134 E
g £ g
= 201 T 0.12- E 4]
z £ S
‘@ $0.114 @
8 3. g &
Q 5 0104 145.2 mV dec™ Q
c > € 24
g © 0.09- g
S 40 =1
o 0084 o o
-50 . . T 0.07 . . . . T -3 T T
03 0.2 0.1 0.0 0.1 1.0 1.1 1.2 1.3 1.4 15 1.6 0.2 0.1 0.0 0.1
. . 2 =]
E-iR (V versus RHE) L0g jge, (MA cmZ,) E-iR (V versus RHE)

Figure S13. (a) HER polarization curve normalized to geometric electrode area and (b)
corresponding Tafel slope of the mesoporous Pt (meso-Pt) control sample, measured in 1.0 M
KOH. (c) HER polarization curves of meso-Pt and MMA-0.75-Acid, normalized to
electrochemical surface area (ECSA).
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Figure S14. HER polarization curves of acid-treated MMA samples and commercial 20 wt% Pt/C,
normalized to Pt mass.
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Figure S15. HER polarization curves of commercial 20 wt% Pt/C with a lower dry loading of 40
ug cm 2, corresponding to a Pt loading of ~8 ugp: cm™2, normalized to (a) geometric electrode area

and (b) Pt mass.
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Figure S16. (a) Equivalent circuit used for fitting the Nyquist plots of acid-treated MMA samples.
Fitted Nyquist plots and the corresponding extracted charge transfer resistance (Rct) values for (b)
MMA-0.25-Acid, (c) MMA-0.5-Acid, (d) MMA-0.75-Acid, and (e) commercial 20 wt% Pt/C.
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Figure S17. CV plots recorded at a scan rate of 10 mV s™! for (a) acid-treated MMA samples and
mesoporous Pt and (b) commercial 20 wt% Pt/C, used for electrochemical surface area (ECSA)
determination. The HUPD regions employed for ECSA quantification, corresponding to the
potential window of 0.11 to 0.33 V vs RHE, are highlighted by grey rectangles. (c¢) Bar chart
summarizing the ECSA values obtained from HUPD analysis.
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Figure S18. SEM images of commercial 20 wt% Pt/C. The bright spots on the carbon support
correspond to Pt nanoparticles. From these SEM images, the average Pt particle size is estimated
to be below 10 nm, which results in a higher density of exposed active sites.
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Figure S19. XPS spectra of (a) mesoporous Pt-only (meso-Pt) and MMA-0.75-Acid in the Pt 4/
region, and of MMA-0.75-Acid and MMA-0.75-Acid before cycling and after 100,000 ADT CV
cycles for (b) Pt 41, (c) Fe 3p, (d) Co 3p, () Ni 3p, and (f) Cu 3p.

S20



(@)
gyr-MMA-0.75M gyr-MMA-0.75M

Ve z
carbongblack /
B

e B

s Garbon black

Figure S20. SEM images of MMA-0.75-Acid electrode after 100,000 CV cycles for ADT. All
scale bars are 100 nm.
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Figure S21. HER polarization curves of commercial 20 wt% Pt/C before and after 100,000 CV
cycles for ADT.
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Figure S22. (a) CV of MMA-0.75-Acid after 100000 ADT cycles recorded at a scan rate of 10
mV s!. (b) ECSA values determined from HUPD.
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Table S1. Elemental compositions of MMA samples determined by ICP-OES.

Sample Pt/mgL! | Fe/mgL! | Co/mgL’! Ni/mg L' | Cu/mgL!
MMA-0.25-Acid | 237.51 2.80 N/A N/A 28.80
MMA-0.5-Acid 152.30 1.90 N/A N/A 18.66
MMA-0.75 6791 17.74 18.44 19.09 15.56
MMA-0.75-Acid | 224.89 1.36 0.60 0.41 12.92
MMA-1-Acid 201.20 2.02 0.50 0.36 18.31
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Table S2. Relative elemental composition ratios of the MMA samples determined by ICP-OES.s

Sample Pt/% Fe/% Co/% Ni/% Cu/%
MMA-0.25-Acid | 70.8 2.9 N/A N/A 26.3
MMA-0.5-Acid 70.4 3.1 N/A N/A 26.5
MMA-0.75 22.5 20.5 20.2 21 15.8
MMA-0.75-Acid | 82.5 1.7 0.7 0.5 14.6
MMA-1-Acid 75.3 2.6 0.6 0.5 21
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Table S3. Summary of HER performance of recently reported electrocatalysts in alkaline media.

Mass activity is reported in units of amperes per mass of platinum group metals (A mpgum™).

Catalyst Form Overpotential (mV)  Mass Activity Ref.
@10 mA cm (A mgpem™)
This work (MMA-0.75-Acid)  ordered mesoporous 25 3.9@100 mV
particles 2.1@70 mV
PtNis-0.3 nanoparticles 26.8 2.36@70 mV !
PtNi anisotropic superstructures ~ 27.7 2.80@70 mV 2
MI-PtZnCo mesoporous particles 29 1.77@100 mvV 3
N-LDH/2D-Pt nanosheet 31 243@100 mvV ¢
c-PtPd@a-NiB hollow nanopolyhedra 31 0.21@70 mV 5
PdPtCuNiP metallic glass 32 - 6
PtSn4 bulk single crystal 37 - 7
Disordered PtNi/C nanoparticles 39.7 1.03@70 mV 8
Pt:Nis nanowires 40 - o
PtSex/Pt Heterointerface heterointerface 42 - 10
FeCoPdIrPt@GO nanoparticles 42 3.03@100 mv !
hcp-Pt-Ni nano-multipods 65 3.03@70 mV 12

S26



References

1

2

(8]

8

9

C. Zhang, X. Liang, R. Xu, C. Dai, B. Wu, G. Yu, B. Chen, X. Wang and N. Liu, Adv. Funct.
Mater., 2021, 31, 2008298.

Z. Zhang, G. Liu, X. Cui, B. Chen, Y. Zhu, Y. Gong, F. Saleem, S. Xi, Y. Du, A. Borgna, Z.
Lai, Q. Zhang, B. Li, Y. Zong, Y. Han, L. Gu and H. Zhang, Adv. Mater., 2018, 30, 1801741.
Y. Wang, H. Lv, L. Sun, F. Jia and B. Liu, Adv. Energy Mater., 2022, 12, 2201478.

S. W. Jang, S. Dutta, A. Kumar, Y.-R. Hong, H. Kang, S. Lee, S. Ryu, W. Choi and I. S. Lee,
ACS Nano, 2020, 14, 10578—-10588.

K. Deng, T. Ren, Y. Xu, S. Liu, Z. Dai, Z. Wang, X. Li, L. Wang and H. Wang, J. Mater.
Chem. A, 2020, 8, 8927-8933.

Z. Jia, K. Nomoto, Q. Wang, C. Kong, L. Sun, L. Zhang, S. Liang, J. Lu and J. J. Kruzic, Adv.
Funct. Mater., 2021, 31, 2101586.

G. Li, C. Fu, W. Shi, L. Jiao, J. Wu, Q. Yang, R. Saha, M. E. Kamminga, A. K. Srivastava, E.
Liu, A. N. Yazdani, N. Kumar, J. Zhang, G. R. Blake, X. Liu, M. Fahlman, S. Wirth, G.
Auffermann, J. Gooth, S. Parkin, V. Madhavan, X. Feng, Y. Sun and C. Felser, Angew. Chem.,
Int. Ed., 2019, 58, 13107-13112.

H. Chen, G. Wang, T. Gao, Y. Chen, H. Liao, X. Guo, H. Li, R. Liu, M. Dou, S. Nan and Q.
He, J. Phys. Chem. C, 2020, 124, 5036-5045.

P. Wang, K. Jiang, G. Wang, J. Yao and X. Huang, Angew. Chem., Int. Ed., 2016, 55, 12859—
12863.

10Z. Wang, B. Xiao, Z. Lin, Y. Xu, Y. Lin, F. Meng, Q. Zhang, L. Gu, B. Fang, S. Guo and W.

Zhong, Angew Chem Int Ed, 2021, 60, 23388-23393.

11S. Gao, S. Hao, Z. Huang, Y. Yuan, S. Han, L. Lei, X. Zhang, R. Shahbazian-Yassar and J. Lu,

Nat. Commun., 2020, 11, 2016.

12Z. Cao, Q. Chen, J. Zhang, H. Li, Y. Jiang, S. Shen, G. Fu, B. Lu, Z. Xie and L. Zheng, Nat.

Commun., 2017, 8, 15131.

S27




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


