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Section S1 Comparison of advantages and limitations of STEM/EELS, STXM, XAS

Many techniques have been used to characterize M-N-C electro-catalysts with the objective of elucidating
the structure and properties of catalytically active sites to provide mechanistic insight and inform
advanced catalyst designs. Table S1 summarizes the properties of four such techniques, three of which

are used in this manuscript.

Table S1 Comparison of advantages and limitations of STEM/EELS, STXM, XAS

Technique Spatial E n e r gy | Advantages Limitations
resolution | resolution

ToF-SIMS ~1 wm none Surface sensitive Limited spatial resolution
(Time-of-flight mass Direct observation of M- | No electronic spectroscopy
spectrometry N-C cluster ions
STEM/EELS Atomic ~leV Very high spatial Spatially localized
(Scanning transmission resolution resolution measurements. Low energy
electron microscopy electron Elemental and some resolution.
energy loss spectroscopy) speciation
STXM Sub-40 nm | ~0.1 eV High energy and good Moderate spatial
(Scanning transmission X-ray spatial resolution. resolution.
microscopy) Chemical speciation.

Quantitative analysis.
XAS None ~0.1eV High energy resolution. No spatial resolution.
(X-ray absorption Bulk ensemble.
spectroscopy) Quantitative analysis.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) was the first characterization technique to

directly identify species consisting of coordinated Fe, N and C in oxygen reduction catalysts.[1.2] X-ray

absorption spectroscopy (XAS) has also been widely used to characterize the local structure of transition

metals and nitrogen atoms in M-N-C catalysts, leading to the observation of MN,/C coordination

environments.[3-61 XAS and ToF-SIMS are very useful since they provide ensemble-averaged information.

However their limited spatial resolution means they do not give a complete picture in the case of

structurally heterogeneous materials. M-N-C electrocatalysts are highly heterogeneous multi-component

systems that include various MNx/C species, along with metallic and metal-based ionic compounds

(metal-oxide, metal-sulfide, etc.) distributed throughout hetero-atom doped carbonaceous particles.[78]

Thus spatially resolved chemical speciation mapping is essential to identify the locations and distributions

of the active species in M-N-C electrocatalysts. [7-12]

Scanning transmission electron microscopy (STEM) has been widely used to image M-N-C catalyst
samples. Bright spots, observed by atomic resolution high angle, annular dark field (HAADF) imaging,

have been interpreted as single metal atoms.[13.141 While this indicates the presence of single atoms with a



higher Z-number than carbon, rarely is evidence provided to verify that these higher Z-number atoms are
the assumed M atoms, or that they are coordinated to nitrogen atoms within the carbonaceous matrix (in
the form of MN,/C). However, there are only a few reports where STEM coupled with atomic resolution
electron energy loss spectroscopy (EELS) has provided detailed spectroscopic information on individual
MN;/C sites.[13.15-17] However, the spectral resolution of TEM-EELS is generally significantly lower than
that achieved by synchrotron X-ray absorption spectroscopy, so that detailed speciation of the metal and
the adjacent nitrogen and carbon atoms is not achieved. In addition, STEM-EELS characterization is
usually only done at very localized regions (i.e., few nm2),. For materials such as M-N-C that are highly
heterogeneous, the limited area studied does not provide a comprehensive understanding of the identity,
concentration and distribution of chemical species present. Thus, prior to this work, studies based on
conventional characterization using either bulk averaged or very spatially localized measurements have (i)
verified the presence of atomically dispersed MN,/C sites and (ii) measured the average properties of M-
N-C samples and correlated then with the activity/ selectivity/ performance of the overall catalyst. Here
we use STXM along with XAS and TEM-EELS to provide a spatially-resolved, holistic understanding of
the chemical species and structures present in M-N-C materials. STXM is a synchrotron-based technique
which provides precise chemical speciation through near edge X-ray absorption fine structure (NEXAFS)
spectroscopyl!8l and quantitative, chemically selective imaging with sub-40 nm spatial resolution. While
STEM-EELS can provide core level excitation spectra analogous to NEXAFS, in general, the STXM-

based spectroscopy is much better quality and can be measured efficiently over much larger sample areas.

Section S2 Sample preparation for STXM

The Ni-N-C catalysts and reference compound powders were physically deposited from a dry state on
either silicon nitride (SiNx) windows (Norcada Inc), or 3 mm formvar coated Cu TEM grids (TED Pella
Inc.) (Fig. S1). In each case poorly adhering particles and large agglomerates were removed by tapping
the edge of the sample substrate on a hard surface. Early efforts to measure N 1s spectra from particles on
SiNx windows were not successful, likely due to interference from the N 1s spectrum of the silicon nitride
support. Therefore, N 1s measurements were conducted on samples deposited on formvar coated TEM
grids. Details of the Ni-N-C samples and conditions of the measurements for each sample are included in

supplementary information, Table S2.

Reference samples of 5,10,15,20-tetraphenyl- 21H,23H-porphine nickel (II) (NiTPP) was purchased from
Sigma-Aldrich and used without further purification. The commercial nickel (II) phthalocyanine sample
was found to contain a significant content of impurities, and therefore a pure sample of Nickel(II)
1,4,8,11,15,18,22,25-octabutoxy-29H,31H-phthalocyanine (O-NiPc) was provided by Professor Daniel
Leznoff from Simon Fraser University. The structures of these materials are shown in Scheme 1a and 1b.

A metallic Ni reference sample was prepared by physical vapor deposition (PVD) of a 75 nm film of Ni



on a Cu TEM grid without formvar coating. Other reference samples - nickel oxide (NiO), nickel
ammonium sulphate (Ni(NH4)2(SOs4)2) and nickel carbonate (NiCO3) - were purchased from CERAO,

Fisher Scientific, and Johnson Matthey, respectively, and were used without further purification.

Figure S1 shows the two types of sample mounting used in this study. All materials are in the form of
partially aggregated powders, except metallic Ni, which was measured as a physical vapour deposition
(PVD) thin film. Samples were prepared by attaching the support with tape or epoxy to the trapezoidal
STXM sample plate (not shown in Fig. S1), then dropping a spatula tip (<1 mg) on the support, then
sharply tapping the STXM plate against a hard surface to detach weakly adhering large aggregates.
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Figure S1 Sample mounting used for scanning transmission X-ray microscopy (STXM) measurements.
a) schematic of SiNx window mounts. b) Transmission optical microscopy image (20x) of Ni-N-C-high
particles on a SiNx window. The frame is 5 mm x 5 mm, 200 um thick Si, with a lo-stress 0.5 mm x 0.5
mm, 75 nm thick window pane at the center (Norcada Inc) and STXM image at 395 eV of region Al on
SiNx windows ¢) schematic of formvar coated TEM 3 mm diameter Cu grid mounts. d) Transmission
optical microscopy image (10x) of particles Ni-N-C-high on a formvar-coated TEM Cu grids. and STXM

image of one square of the TEM Cu grid sample, containing region A2.

After loading the sample, the STXM chamber was evacuated to ~10 Pa and then back filled with ~25 kPa
of He. X-rays in the C 1s [278-330 eV], N 15 [394-432 eV], O 1s [524 — 568 eV ], Ni 2p [840 — 930 eV]
and S 2p [158-205 eV] energy ranges were used to study Ni-N-C catalysts and reference samples.



Section S3 Summary of samples investigated

Code | sample substrate | edge time Pixel (nm) | # pixel E- range
(eV)
Al Ni-N-C-high SiNx Ni2p |2019-July 65 300*267 847.6, 852.2
Ala Ni-N-C-high SiNx Ni2p | 2019-July 45 87*69 836-929
O s 2019-July 45 87*69 524-568
N1s |2019-July 60 55*55 394-432
Cls 2019-July 60 51*51 278-320
A2 Ni-N-C-high TEM grid | Ni2p |[2021-Jan 35 100*70 842-878
O s 2021-Jan 35 100*70 524-568
N1s [2021-Jan 35 100*70 394-422
Cls 2021-Jan 35 100*70 278-320
S 2p 2020-Sep 80 45%32 158-205
A3 Ni-N-C-high TEM grid | Ni2p |[2020-Aug 80 75%75 842-900
A4 Ni-N-C-high TEM grid | Ni2p |[2020-Aug 30 83*83 842-920
Cls 2020-Aug 35 72*72 278-320
AS Ni-N-C-high SiNx Ni2p |2019-July 30 103*100 840-892
Cls 2019-July 35 91*85 278-320
B1 Ni-N-C-low TEM grid | Ni2p | 2020-Sep 66 60*60 842-878
O s 2020-Sep 90 44*44 524-568
Nis 2020-Sep 66 60*60 394-422
Cls 2020-Sep 90 44*44 278-320
B2 Ni-N-C-low TEM grid | Ni2p | 2021-Feb 66 60*60 842-890
B3 Ni-N-C-low TEM grid | Ni2p |2021-Jan 35 70*70 842-878
Cls 2021-Jan 50 50*50 278-320
B4 Ni-N-C-low SiNx Ni2p |[2019-Dec 90 78%78 840-892
Cls 2019-Dec 90 78%78 278-320

Table S2. Details of the Ni-N-C samples and conditions of the measurements for each sample




Section S4 STXM energy calibration

We found that comparison of our spectra with results reported in the literature [19-241 was challenging due
to often incomplete details regarding how the energy scales were calibrated in different studies. Especially
for the Ni 2p edge, the energy of the maximum of the Ni 2p32 — 3d transition in Ni metal varied by over
1 eV in the literature (24-28]. In this work, the Ni 2p spectra were calibrated by including a few torr of Ne
gas in the STXM tank, such that the sharp Ne 1s — 3p transition at 867.05 eV [29] was included in the
same data set and thus could provide accurate calibration. Other edges were calibrated using appropriate
gases whose spectra were recorded within the same injection as key catalyst or reference compounds.
Table S3 summarizes all the gas calibration features used, along with references to their calibration.
Table S4 reports the energies of the Ni 2p3» — 3d peaks for the catalyst and reference compounds, in

order to evaluate reproducibility.

We note that the spectromicroscopy beamline at the Canadian Light Source (CLS SM) has issues with
monochromator energy scale stability which can lead to energy scale shifts between injections (typically
every 8 hours), and sometimes even within a single injection. One source of this instability is slackness in
the mechanical linkage driving the angle of the plane grating. A backlash protocol, consisting of slewing
to 50 eV below the start energy of a spectral scan, was implemented to reduce that problem. In addition,
since the optical path of the CLS SM beamline does not include an energy defining entrance slit, the
energy scale can shift if there are deviations of more than 1 um in the vertical position of the electron
beam in the storage ring. Due to these factors, we occasionally found that the energy scales of the Ni 2p
data sets differed by up to 1.5 eV. In the early stages of this work, energy calibration with gas standards
was only performed at the start of the STXM measurements. In later runs, we calibrated before and after
critical STXM measurements and used Ne gas as internal standard for Ni 2p STXM stacks (Ni metal, Ni-
N-C-high), which gave more reliable results (>+0.1 eV variation). We were careful about calibrating the
Ni 2p spectrum of Ni metal. Ultimately, for the critical Ni 2p analysis, we determined a value of 852.7(1)
eV for Ni metal [Ni(0)] and used it as an internal standard. This is close to the energy of the Ni 2p3» —
3d peak for Ni metal reported by two other groups.[26-281 We strongly encourage researchers to provide
details of the energy scale calibration to enable information sharing and cross-study comparisons in the

future.



Table S3 Gaseous species energy calibration

Edge Species Feature Energy (eV) ref

Ne 1s Ne gas Ne 1s —= 3p 867.05 (8) 29

F1s SFs gas F 1s —ajg 688.3 (1) 30

Cls CO; gas Cls—=C3s 292.74 (5) 31
Cls—=C3p 294.96 (5)

Ols CO: gas O1s—=03s 538.9 (1) 32

N s N2 gas N 1s — 3s 406.15(2) 33
Nl1s—3p 407.115 (5)

Table S4 Peak positions in catalyst and reference compound samples

samples file Ni (0) NizSz NiNy/C Ni(2+)

Ni metal (PVD) A210807022 |[852.64eV | --—-—- |- |-

Ni metal (PVD) A210125033 [ 852.77¢V |-

Ni-N-C-high A210807037 | 852.71eV 852.99 eV 854.19eV | ----—-----

Ni-N-C-high A210120064 | 852.8 eV 853.1eV 8542eV |-

Ni-N-C-high A190712097 | 852.75eV 853.15eV 854.15eV |-

NiTPP A210125029 |- |- 854.08 eV | -------

NizS2 A210202019 | -------- 853.1eV

O-NiPc A210918047 [ --—-—-—-- |- 854.20eV | ---—---

NiO A200802045 |- |- e 853.03 eV

NiCOs A200801005 [ -------—- || e 853.25 eV

Ni(NH4)2(SO4)2 A200801017 [ -----—-—- |- |- 853.35eV




Section S5 STXM Data Analysis

All STXM data was analyzed using aXis2000 software. 341 The images in a stack typically drift by a few
hundred nm over the 40-80 eV scan range, and therefore the stacks were aligned to ~5 nm registry using a
Fourier correlation method. The transmission signal (I) of the aligned stack was converted to optical
density (OD) using the Beer Lambert Law: OD,) =-In(1/ 1,), where [ is the X-ray intensity transmitted
though the sample and support, and 1, is the incident X-ray intensity measured off the sample but where
the X-rays transmit through all other parts of the STXM hardware (optics, windows, zone plate, detector)
and the sample support (SiNx window or formvar). After OD conversion, the C 1s, N 1s, O 1s, Ni 2p and
S 2p X-ray absorption spectra (XAS) of selected areas (many pixels, which are not necessarily
contiguous, but are related by spectroscopy) were extracted from the STXM stacks using methods

described in greater detail below.

The fitting procedure in aXis2000, which is based on a singular value decomposition (SVD) matrix
method, 351 was used to analyze the stacks. The ‘stack fit’ routine fits the NEXAFS spectrum at each pixel
to a user-identified set of reference spectra, which can be derived from the stack itself (internal) or from
spectroscopy on well defined reference compounds (external). The result of a ‘stack fit’ is a set of
component maps (spatial distributions), one for each component, along with a map of a constant signal
(no spectral variation), and the residual of the fit. [36] In cases where the set of reference spectra are known
to represent all the variation in the stack signal, the ‘stack fit’ can be performed without the constant
component (denoted ‘SVD fit’ in aXis2000). Internal reference spectra (which were extracted from the
same STXM stack) or external reference spectra (measured in STXM from pure materials) were used at
different stages in the data analysis, as explained in more detail in the results section. To quantitatively
analyze the data, the external reference spectra were converted to an absolute intensity scale, optical
density per nm (OD1), by scaling the relative intensity spectra until the pre-edge and far-continuum (>30
eV above the edge) match the elemental response for 1 nm thickness of the known composition and
density of the reference material, which is calculated using X-ray parameters from the Centre for X-ray
Optics database (https://henke.lbl.gov/optical constants/). The gray scale of the component maps derived
using OD1 reference spectra is an estimate of the thickness of that component at each pixel in the region

analyzed.

Curve fits, using the same algorithm as used for stack analysis, were used to analyze spectra extracted
from specific areas of a stack, identified based on morphology and / or spectral similarity. When reference
spectra on OD1 intensity scales were used to curve fit a spectrum, the contribution of each spectral
component is an estimate of the average thickness (in nm) of that component in the area from which the
spectrum was extracted. Volume percent compositions were then estimated by combining the thickness

and areal amounts. The software allows for quantization of non-contiguous areas, where the pixels of an


https://henke.lbl.gov/optical_constants/

area are identified from their spectral properties.

Outside of the ~20-40 eV region at the onset of a given inner shell edge (the near edge X-ray absorption
fine structure, NEXAFS region), the X-ray absorption of any material is only a function of its elemental
composition and density.[37] Thus one can convert an X-ray absorption spectrum measured on a relative
intensity scale to an absolute intensity scale, by matching the intensity of the pre-edge (e.g. -20 to -5 eV
relative to the onset) and post-edge (>30 eV above the onset) NEXAFS regions to that predicted from the
elemental composition and density, using tabulated elemental X-ray absorption cross-sections. [371 Figure

S2 shows the OD1 Ni 2p spectra of the 4 Ni materials used to analyze the Ni-N-C catalyst samples.

Ni 2p
Ni metal / 10

O-NiPc /UK

Ni,S, /3 /\

Optical density / nm

848 856 864 872 880
Energy (eV)

Figure S2 The quantitative Ni 2p spectra of metallic nickel (Ni(0)) (dark red), Ni3S: (dark
blue), O-NiPc (dark cyan) and NiTPP (dark green) on OD1 intensity scales. The step curve
with corresponding color is the calculated X-ray absorption for 1 nm of elemental
composition of Ni, Ni3Sz, NiTPP (C44H28N4Ni) and O-NiPc (Cs4HgoNsNiOg), based on the
response tabulated in the CXRO data basel37] and the known density of these materials (8.9
g.cm-3 for Ni(0) 381, 1.6 g.cm-3 for NiTPP and O-NiPc (assume the density of NiTPP and
O-NiPc same with Ni phthalocyanine) 39, and 5.8 g.cm-3 for Ni3S; [40]),



Ni particles

Carbonaceous matrix

F I I T T N T N
830 840 850 860 870 88(

Energy (eV)

Carbon - -

Figure S3 a) Higher resolution HAADF-STEM image. b) EELS mapping for Ni-N-C-low

particles region. ¢) EELS spectra for Ni particles region and carbonaceous matrix region.

Section S6 STEM/EELS results for C, N, O of Ni-N-C low sample

Figure S3a presents EELS mapping of C, N, O of the particle shown in Fig. 2

Section S7 Ni-N-C-high detailed analysis
S7A Ni-N-C-high detailed analysis of areas A1 and Ala

Figure S4 illustrates the conversion of measured transmission STXM images to the corresponding optical
density (OD) images using the Beer-Lambert law:

OD(x,y) = -In(I(x,y) /lo)
where I(x,y) is the transmitted intensity at pixel (x,y) and Io is the incident flux, measured off the sample,
but through all other components of the STXM (all optics, windows, the sample support and the detector.
Fig. 3¢ (main manuscript) presents the difference, AOD = ODss2.7 — ODsas, which is called a stack map.

It is a map of the Ni content present in aggregate Al.
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Figure S4 optical density (OD) conversion for region Al on SiNx window a, b) at 848 eV, ¢, d) at 852.7 eV.

Figure S5 compares the optimized Ni 2p spectra of the particles and matrix (i.e. from the masked regions
in Fig. 3e) to the Ni 2p spectra of 7 reference compounds, which, from the perspective of the catalyst
synthesis, are candidates for being present in the catalyst. Careful examination shows a good alignment of
the low energy Ni 2p32 peak in the particle spectrum with the Ni 2ps/» peak in Ni metal, the low energy Ni
2p3 peak in the matrix spectrum with the Ni 2p3» peak in NisSz and the higher energy Ni 2ps2 peak in
the matrix spectrum with the Ni 2ps/2 peak in Ni-TPP. Corresponding alignments are also present in the Ni
2p1,2 spectral region. Based on these observations we explored the use of the spectra of Ni metal [Ni(0)],

Ni-TPP and Ni3S; to interpret the Ni 2p spectra of the catalysts studied, as presented in the paper.

Figure S6 summarizes the analysis of the Ni 2p stack of region Ala of the Ni-N-C-high sample using
internal spectra extracted from the Ni 2p stack. While this does provide one possible interpretation of the
data, it is not optimal because of the relatively high and structured residual, which suggests a third
component may give an improved fit, the chemical identity is not defined and the analysis at this stage is
only qualitative. In order to go further, it is useful to compare the optimized particle and matrix spectra

with the Ni 2p spectra of possible species present.
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Figure S5 Optimized Ni 2p spectra of particles (light red) and matrix (light green) in region Ala,
compared with reference spectra of NiTPP, Ni(0), NizS2, NiO, NiCOs, Ni ammonium sulphate and
O-NiPc. The vertical lines indicate correlation of positions in the Ni-C-N catalyst with features in

the spectra of the reference compounds.

Figure S7 presents a verification of the analysis of the Ni 2p stack of region Ala of the Ni-N-C sample,
as a linear combination of Ni(0), NiTPP and Ni3S, components, as presented in Fig. 4 of the paper. Table

S5 summarizes the quantitative results for this curve fit analysis.
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Table S5 Results of SVD curve fit analysis of region Ala of the Ni-N-C sample

Species (average thickness in nm)
area Ni(0) Ni-TPP NizS2 x?
Ni(0) region 29 160 2 0.06
NiTPP region 6 85 3 0.02
N3S:z region 7 90 31 0.02

Section S7B SVD analysis of Ni 2p stack of region A2 of Ni-N-C-high
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Figure S6 SVD analysis of the Ni 2p stack of region Ala of the Ni-N-C-high sample using internal
reference spectra. a) Spectra of particles and matrix from arbitrarily selected areas. b) component
map of the particles. ¢) component map of the matrix region. The grayscales in (b, ¢) are in

multiplicative units of the reference spectra. d) residual of the fit. e) color coded composite of the

particle (red, a) and matrix (green, b) maps. f) histogram of pixel values in the component maps.
The vertical lines indicate the thresholds used. All pixels above these values form 0/1 masks
(displayed as the insert) which is used to extract optimized spectra of the particles and matrix.
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Figure S7 Spectral domain representation of the 3 component (Ni(0), NiTPP, Ni3Sz) SVD analysis of
the Ni 2p stack of region Ala of the Ni-C-N-high catalyst. a) shows the masked regions for Ni(0),
NiTPP, Ni3Sz. b) the internal spectra for the regions of Ni(0), NiTPP, Ni3S». (¢) curve fit of the Ni(0)
region. d) curve fit of the NiTPP region. e) curve fit of the Ni3Sz region.
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Figure S8 SVD analysis of Ni 2p stack of region A2 of Ni-N-C-high. (a) OD1 spectra of Ni metal,
Ni-TPP" and Ni3S, used to fit the stack. The NiTPP reference spectrum is the OD1 spectrum of Ni-
TPP with an additional 0.003 added, to account for the fraction of the matrix region which has C-
N-O signal but not Ni 2p signal. b) component map of the Ni metal. ¢) component map of the Ni
—TPP*. d) component map of Ni33,;. e) Residual of fit. See Fig. 4b for the color coded composite

Figure S8 presents the SVD analysis of Ni 2p stack of region A2 of Ni-N-C-high using optical
density per nm (OD1). In order to account for the significant part of the matrix where there is C-
N-O but no Ni, a constant value of 0.003 was added to the OD1 spectrum of NiTPP, so that the
relative proportions of pre-edge and Ni 2p signal were similar to that in the spectrum of the

matrix.

Figure S9 presents verification of the analysis of the Ni 2p stack of region A2 of the Ni-N-C sample, as a

linear combination of Ni(0), Ni-TPP and NizS2 components . Table S6 presents the numerical results.
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Figure S9 Spectral domain representation of the 3 component (Ni(0), NiTPP, Ni3S2) SVD analysis of
the Ni 2p stack of region A2 of the Ni-C-N-high catalyst. a) Masked regions the Ni(0) (red), NiTPP
(green) and NisS; (blue) regions. b) the internal spectra for the regions of Ni(0), NiTPP, NizS> ¢)
curve fit of the Ni(0) regions. d) curve fit of the NiTPP regions. e) curve fit of the Ni3Sz regions.

Species (average thickness in nm)

area Ni(0) Ni-TPP NizS:2 x2
Ni region 20 52 25 0.23
NiTPP region 2 30 3 0.03
N3S; region 7 27 15 0.03

Table S6 Results of SVD curve fit analysis of region A2 of the Ni-N-C sample

Section S8 O 1s and S 2p results for area A2 of the Ni-N-C-high sample.

Figure S10 present the O 1s and S 2p results for area A2 of the Ni-N-C-high sample.

Section S9 Analysis of Ni 2p stack of region B1 of the Ni-N-C-low sample
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Figure S10 O 1s and S 2p results for area A2 of the Ni-N-C-high sample. a) O 1s spectra of Ni(0)
dominant, NiTPP dominant and Ni3S2 dominant areas from the O 1s stack of the A2 region
compared to the reference spectra of Ni(0), NiTPP and NizSz. b) S 2p spectra of Ni(0) dominant,
NiTPP dominant and Ni3Sz dominant areas from the S 2p stack of the A2 region

Figure S11 presents the results of an SVD analysis of Ni 2p stack of region B1 of the Ni-N-C-

low sample.
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Figure S11 SVD analysis of Ni 2p stack of region B1 of Ni-N-C low. (a) OD1 spectra of Ni metal,
Ni-TPP* and Ni3Sz used to fit the stack. The NiTPP reference spectrum is the OD1 spectrum of Ni-
TPP with an additional 0.003 added, to account for the fraction of the matrix region which has C-N-
O signal but not Ni 2p signal. b) component map of the Ni metal. ¢) component map of the NiTPP.
d) component map of NizSz. e) Residual of fit. See Fig. 6b for the color coded composite of these

Figure S12 presents a spectral domain check on the SVD analysis of the Ni 2p stack of region B1 of Ni-
N-C low.

Section S10 Analysis of all edges of region B1 of the Ni-low sample.

Figure S13 presents the combined Ni 2p, O 1s, C 1s and O 1s spectra data for the region B1 of the Ni-C-

N-low catalyst. Should be mentioned that some area in B1 was absorption saturation at the N 1s edge. The
N 1s spectra shown in Fig.S22-¢ was adjusted according to N 1s spectra of the un-saturation area in Bl

region.
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Fig. S12 Spectral domain representation of the 3 component (Ni(0), NiTPP, NizS;) SVD analysis of
the Ni 2p stack of region B1 of the Ni-C-N-low catalyst. a) Masked regions the Ni(0) region (red),
NiTPP region (green) and NisS; region (blue). b) the internal spectra for the regions of Ni(0),
NiTPP, NizS; ¢) SVD curve fit of the Ni(0) region. d) SVD curve fit of the NiTPP region. €¢) SVD

curve fit of the NizS; region.

Section S11 Analysis of other regions of the Ni-N-C high sample

Figure S14 presents a summary of the Ni 2p analysis of all the regions of Ni-N-C-high sample studied
(Ala-AS) Mole fractions of Ni(0), NiTPP, Ni3S2 and amounts of carbon in 5 different particles of the
Ni-N-C-high catalyst sample. Rescaled color coded composites of the component maps from analysis of

Ni 2p stacks of each region are indicated.

Section S12 Analysis of other regions of the Ni-N-C-low sample

Figure S15 presents a summary of the Ni 2p analysis of all the regions of Ni-N-C-low sample B1-B4.
(b) Mole fractions of Ni(0), NiTPP, Ni3S2 and amounts of carbon in 5 different particles of the Ni-N-C-
low catalyst sample. Rescaled color coded composites of the component maps from analysis of Ni 2p

stacks of each region are indicated.
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Fig. S13 a) the spectra for a) Ni 2p, N 1s, O 1s, Cls edge of extraction area for regions of
Ni(0) (red), NiTPP (green) and NisS: (blue). Insert: the color coded (rescaled) composite of
extraction area for dominant Ni(0) (red), NiTPP (green) and Ni3S> (blue) in region B1. The
spectra of b) Ni 2p ¢) N 1s, d) C 1s, e) O 1s at the regions of Ni(0) (red), NiTPP (green) and
Ni3Sz (blue).
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Section S13 Quantitative results from STXM analysis of the Ni-high and Ni-low samples

Table S7 presents the results of the curve fit to the average Ni 2p spectra of regions A1-AS of the Ni-N-
C-high sample and B1-B4 of the Ni-N-C-low sample.

180 Nl N C hl h I Ni atomic fractions (%) of Ni(0)
B g [ Ni atomic fractions (%) of Ni-Nx/C(NiTPP)
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Fig. S14 Overview of analyses of regions Ala, A2, A3, A4, and A5 of the Ni-N-C-high sample
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Sample | Sample Area of Calculation from the Ni 2p STXM stacks Calculation from the C 1s STXM Atomic ratio of
region (elf"n";)c""" stacks the Ni atoms in
NiN/C to the C
Volume of Ni species (um3) Mass of Ni species (1015 g) Mol of Ni atoms in each Ni species Ni atomic fractions in each Ni | Volume of | Weightof | Mol of atoms in the
(10415 mol) species graphite graphite carbon Ni-N-C samples
Ni(0) NiTPP Ni3s2 Total Ni(0) NiTPP Ni3s2 Total Ni(0) NiNx/C Ni3s2 Total Ni(0) NiNx/C Ni3s2 carbon carbon atoms B
i ; i o i i i o i iNx i o i iNx i
e hivae (um3) (10°159) | (10%15 mol)
Ala 38.44 0.22 36 0.26 41 25.0 | 2256.0 44 23254 | 043 32 0.56 42 10% 7% 13%
A2 18.49 0072 | 063 | 0.091 | 080 | 8.10 396.4 156 42010 | 0.14 0.56 0.20 0.90 15% 63% 22% 253 11184 932 0.61%
NINC A3 144 14 127 11 152 | 158 7947 181.2 82868 | 27 1.3 23 16.3 16% 70% 14%
iN-C-
high
A4 121 0.005 | 0.04 | 0.002 | 0.54 | 0.58 286 0.44 296 0.01 0.04 0.005 0.06 18% 72% 10% 012 522 44 0.94%
6 5
A5 729 0.026 | 017 | 0.016 | 0.21 29 1075 28 1132 | 0.05 015 0.035 0.24 21% 65% 14% 051 2248 187 0.82%
Average - - - - - - - - - - - - - 16% 69% 15% - - - 0.79%
Ni-N-C-
high
B1 16.81 0.087 12 0.055 13 98 9354 96 7548 | 017 11 012 13 12% 79% 9% 3.0 13389 1116 0.93%
B2 5329 0.25 3.0 0.15 34 | 275 | 188138 266 1936.0 | 047 27 033 35 13% 7% 10%
B3 30.25 0.19 23 0.14 26 | 214 | 14425 235 14874 | 0.36 21 029 27 13% 76% 1% 57 2520.4 210.0 0.97%
NiN-C-
low B4 169 0.42 109 0.14 114 | 475 | 67917 233 68625 | 0.81 97 0.29 108 7% 90% 3% 313 13847.1 11528 0.84%
Average - - - - - - - - - - - - - 12% 80% 8% 0.91%
Ni-N-C-
low

Table S7 Quantitative results from curve fits of the Ni(0), NizSz and NiTPP reference spectra to the
average Ni 2p spectra of regions A1-AS of the Ni-N-C-high sample and B1-B4 of the Ni-N-C-low
sample.

Section S14A Total electron yield (TEY) XAS measurements

Figure S16 presents the results of total electron yield (TEY) X-ray absorption spectroscopy (XAS)
measurements for the Ni-N-C-high, -N-C-low samples and other reference samples at the Ni 2p, N 1s and
C Is edges. In general, there is good agreement between the shapes of the TEY spectra and the OD
spectra measured with STXM.

Section S14B Comparison of XAS and STXM from Ni 2p, C1s and N 1s

To compare the capabilities of STXM to study catalysts on a single particle basis, with ensemble-
averaged characterization techniques, X-ray absorption spectra (XAS) were collected at the Ni 2p, Cls
and N 1s edges using TEY detection at the CLS SGM beamline. XAS (Fig. S16) and STXM (Fig. 4b, 5d,
5e and Fig. S5) spectra of the pure, homogeneous reference compounds are almost identical. The TEY-
XAS and STXM Ni 2p spectra of the highly heterogeneous Ni-N-C materials are displayed in Fig. S17a
for Ni-N-C-high and Fig. S17b for Ni-N-C-low. Overall, the Ni 2p spectra collected by TEY-XAS and
STXM are very similar, indicating that STXM is capable of collecting spectral information from a single
particle that is reflective of the spectral information collected by TEY-XAS averaged over several
thousand particles. The only discrepancy between the two techniques is for the Ni-N-C-high sample (Fig.
S17a). While the shape and location of peaks in the TEY-XAS and STXM spectra are the same, the
intensities of the peaks at 852.7 eV (Ni(0)) and 853.1 eV (Ni3S2) are higher in the TEY-XAS than the
STXM spectra. The relative amounts of Ni(0), NiTPP and Ni3S; in the Ni-N-C-high and Ni-N-C-low

samples were determined by curve fitting the TEY-XAS spectra to the quantitative OD1 reference spectra
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Fig. S16 Total electron yield (TEY) X-ray absorption spectroscopy (XAS) measurements for the Ni-
N-C-high, -N-C-low samples and other reference samples at a) Ni 2p, b) N 1s and ¢) C 1s edge.

shown in Fig. 4b. The fraction of the Ni atoms present in each domain was calculated and reported in
Table S8. The quantitative composition results for STXM and TEY-XAS are presented in Fig. S18. The
somewhat larger amount of Ni(0) found in the STXM results for Ni-N-C-high is probably due to the need
to select relatively thin regions without thick Ni(0)/ Ni3Sz particles to avoid absorption saturation (such as
the selection of Ala region in A1). Note that the XAS results cannot be used to calculate the ‘Absolute
Ratio (%) of NiNx/C Sites’ because the C 1s signal from TEY-XAS is not from the same thickness as the
Ni 2p signal due to different electron escape depths.

Figure S17 compares the XAS-TEY and STXM Ni 2p spectra of the Ni-N-C materials. There is good

agreement between the shapes of the XAS-TEY spectra and the OD spectra measured with STXM.The
similarity of the TEY-XAS and STXM results confirms that, despite measuring an extremely small
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volume, STXM can measure the average properties of heterogeneous materials. However, a key
advantage of STXM is that it probes the chemistry of individual catalyst particles with sub-50 nm spatial
resolution, even when the species of interest (i.e., NiN,/C) contribute only a portion of the overall spectral
features. For example, consider the Ni-N-C-high data shown in Fig. S17a. When interpreting the TEY-
XAS data, the Ni3S> contribution at 853.1 eV could be easily overlooked in an ensemble averaged XAS
study as it is largely overshadowed by the neighboring Ni(0) peak at 852.7 eV. On the contrary, with the
spatial resolution of STXM it is possible to identify and differentiate these individual chemical species,

which allows for mapping of their chemical signals and distributions throughout the catalyst structure.

T T T
Ni 2p Ni-N-C-high

STXM- A2 region

|

|

|

I 1l : l
s .

i Ni 2p Ni-N-C-low

Intensity (arbitrary units)

STXM- B1 region
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Energy (eV)

Fig. S17 Comparison for XAS and STXM results of Ni-N-C materials at Ni 2p edge. (a) Ni 2p XAS-
TEY spectra of the Ni-N-C-high sample compared with the average STXM spectra of the Ni-N-C-
high sample (A2). (b) Ni2p XAS-TEY spectra of the Ni-N-C-low sample compared with the average
STXM spectra of the Ni-N-C-low sample (B1). The dashed lines are the positions of the main 2p3.
— 3d peaks of Ni(0) at 852.7 eV, Ni3S2 at 853.1 eV, and NiN,/C at 854.2¢V. The intensities of each
spectrum are scaled so the difference in signals ate 864 eV and 848 are the same for each data set.

Offsets are used for clarity.
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Fig. S18 Group bar chart representing the quantitative distribution of different Ni-sites of the
Ni-N-C-high and Ni-N-C-low sample from (a) XAS-TEY results and (b) STXM results.
Represents the total proportion of Ni atoms (out of all the Ni atoms in the sample) present in the

configuration shown on the x-axis for both catalysts investigated.

After using Ni 2p STXM stacks to characterize the spatial distribution of specific species, stacks at other
edges can be measured over the same area, thereby gaining a more complete understanding of the
chemical properties and how they vary throughout the catalyst (e.g., Fig. 5 and Fig. S13). More
importantly, based on this comprehensive understanding, enabled by location-dependent spectral
interpretation, the amount of various chemical species present in the catalysts can be quantified (e.g. Fig.
7, Fig. S14, S15). Achieving this level of insight is not possible using ensemble averaged measurements
such as X-ray absorption spectroscopy with limited or no spatial resolution. This comparison
demonstrates the significant advantage of STXM for generating fundamental insight into catalyst
structures and properties that are essential for guiding advanced material designs. Individual particles are
measured with STXM, whereas the Ni 2p TEY-XAS spectra are measured over a 250 um x 250 um area

spanning many thousands of particles of different sizes, frequently overlapping.

Table S8 presents numerical results from a compositional analysis of the XAS-TEY spectra of the Ni-N-
C-high and Ni-N-C-low samples. The reference spectra for the fitting were those presented in Fig. 4b.
Figure S18 presents a group bar chart representing the quantitative distribution of different Ni-sites of the
Ni-N-C-high and Ni-N-C-low sample calculated from XAS-TEY results.

Ni species (fraction of total signal)
sample Ni(0) NiTPP Ni3S2
Ni-N-C-high  27% 54% 19%
Ni-N-C-low 9% 78% 13%

Table S8 Results of SVD curve fit analysis of XAS-TEY of the Ni-N-C samples
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Section S15 Ptychography image of area A2 of the Ni-N-C-high sample

Figure S19a presents the ptychography amplitude image of area A2 of the Ni-N-C-high sample at 852.7
eV, while Fig. S19b is an estimation of a spatial resolution of 10 nm (half pitch) from a Fourier ring

correlation (FRC) analysis.
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Figure S19 a) STXM images of region A2 of the Ni-n-C high sample. b) Ptychography amplitude
image of the Ni-N-C-high at A2 at 852.7 eV c¢) spatial resolution estimated from a Fourier ring

correlation (FRC) analysis.
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