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A B S T R A C T   

Soft X-ray spectro-ptychography of nickel-nitrogen-carbon electrocatalysts containing atomically dispersed Ni- 
based active sites were measured at the Ni L3 edge. Samples prepared with two different loadings of Ni pre
cursors were investigated and compared to the results of an earlier study using scanning transmission X-ray 
microscopy (STXM) [Zhang et al., ACS Catalysis 12 (2022) 8746]. The ptychography data sets were measured 
using a defocused probe (1–3 µm). The spatial resolution was improved from ~60 nm (STXM) to ~20 nm 
(ptychography). Spectro-ptychography stacks were measured at 4 component-specific energies (4-E stack) and at 
many energies across the full Ni L3 edge (34-E stack). Maps of three key chemical components (Ni metal, Ni3S2, 
and atomically dispersed N-coordinated Ni catalyst sites) were derived by fits of suitable reference spectra to 
absorption signals derived from the amplitude images from ptychographic reconstruction. The spectro- 
ptychography 4-E and 34-E stacks gave chemical mapping similar to each other and to the earlier STXM re
sults. The phase signals obtained from the same data set and reconstruction were also found to be analyzable 
using reference phase spectra extracted from the phase stack, which generated chemical maps similar to those 
based on ptychography amplitude data. By using a defocused probe, the radiation dose and acquisition times for 
spectro-ptychography are comparable to conventional STXM, but significantly improved spatial resolution was 
achieved. This study highlights the added value of spectro-ptychography relative to STXM for studies of 
electrocatalysts.   

1. Introduction 

Metal-nitrogen-carbon (M-N-C) nanostructures, commonly referred 
to as atomically dispersed M-Nx/C catalysts, are a promising class of 
materials for electrocatalytic applications.[1–4] In particular, 
nickel-nitrogen-carbon (Ni–N–C) atomically dispersed electrocatalysts 
have shown activity and high selectivity to generate CO through the 
electrochemical CO2 reduction (CO2R) reaction. [5,6] The catalytic ac
tivity of M-N-C materials has been attributed to well-dispersed single 
metal atoms in the form of nitrogen-coordinated (MNx) active sites on 
highly conductive carbon materials. [7,8] Recently we reported a 
detailed, multi-edge (Ni 2p, S 2p, N 1 s, O 1 s, C 1 s) X-ray spec
tromicroscopy investigation of Ni-N-C catalysts using scanning 

transmission X-ray microscopy (STXM) [9], combined with measure
ments of catalysis performance and electron microscopic characteriza
tion. STXM provides a large-scale (tens of microns) overview of the 
catalyst morphology while achieving chemical mapping at ~50 nm 
spatial resolution. [10,11] This technique complements much higher 
spatial resolution methods, such as transmission electron microscopy 
(TEM) imaging [12] combined with atomic resolution electron energy 
loss spectroscopy (EELS) [6,13]; and non-spatially resolved methods, 
such as X-ray absorption spectroscopy (XAS). [14,15]. 

In our previous work [9] pyrolyzed, polymer-derived Ni-N-C cata
lysts were analyzed using STXM spectromicroscopy to determine the 
chemical states present and to quantitatively map their spatial distri
bution. From the Ni L23 near edge X-ray absorption (NEXAFS) spectra, 
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metallic Ni (referred to as Ni metal in this work), as well as tri-nickel 
disulphide (Ni3S2) and atomically dispersed NiNx/C species, which 
were approximated by 5,10,15,20-tetraphenyl- 21 H,23 H-porphine 
nickel (II) (NiTPP), were identified and mapped. [9] Although STXM 
spectromicroscopy is very powerful, the spatial resolution achieved with 
commonly available zone plate lenses is typically 40–60 nm. A signifi
cant improvement in spatial resolution can be achieved using ptychog
raphy. [16,17] While hard X-ray ptychography is well established, soft 
X-ray ptychography has only emerged recently. [18–25] Here we have 
used soft X-ray spectro-ptychography at the Ni L-edge to study the same 
Ni-N-C catalyst samples previously investigated by STXM, in order to 
explore the additional information that higher spatial resolution pty
chography can provide. The measurements were performed using the 
ptychography capability recently developed at the ambient-STXM at the 
Canadian Light Source (CLS). [26–28] The single channel phosphor / 
photomultiplier detector was replaced by a direct X-ray detecting, 
charge-coupled device (CCD) camera, which allows imaging of the 
X-rays coherently scattered from the sample. High-resolution real-space 
images are generated from the measured coherent diffraction patterns 
through a ptychography reconstruction software package, PyPIE [26], 
which is based on the extended ptychographic iterative engine (ePIE) 
phase retrieval algorithm. [17] The spatial resolution of ptychography is 
not limited by the properties of focusing optics (indeed ptychography 
has been referred to as ‘lens-less imaging’). It has the potential to reach 
the far-field optical resolution limit, which is 0.61 * λ/NA where λ is the 
X-ray wavelength and NA is the numerical aperture – thus of the order of 
3 nm at the C K edge and 1 nm at the Ni L edge. Currently, the best 
spatial resolution achieved by soft X-ray ptychography is ~3 nm at 1500 
eV. [18] In this work, a direct comparison of the ptychography and 
STXM results from the same area of a Ni-N-C catalyst showed a ~3-fold 
improvement in spatial resolution from ~60 to ~20 nm, while achieving 
similar chemical mapping. These results reinforce the conclusions pre
viously reached regarding the links between the catalytic activity and 
morphology of these materials. 

2. Experimental methods 

2.1. Sample preparation 

As described elsewhere [9,29], Ni-N-C catalysts with high-loading Ni 
content (Ni-N-C-high) and low-loading Ni content (Ni-N-C-low) were 
synthesized by heat-treating a mixture of aniline (1 mL, Sigma-Aldrich), 
cyanamide (2 g, Sigma-Aldrich) and different amounts of nickel chloride 
hexahydrate (NiCl2 

. 6 H2O,Sigma-Aldrich) [Ni-N-C-high (1.2 g) and 
Ni-N-C-low (0.08 g)] in a 1.5 M HCl solution (200 mL, ACS reagent). 
After thorough mixing, ammonium persulfate (1.5 g, Sigma-Aldrich) 

was added as an oxidant to polymerize the aniline to polyaniline. The 
resulting product was pyrolyzed at 900 ◦C in argon for 1 hr followed by 
an acid washing process to remove surface-exposed labile Ni com
pounds. A second pyrolysis at 900 ◦C in argon for 3 hrs was then per
formed. Reference compounds for spectroscopy analysis included 
physical vapor deposition Ni metal, 5,10,15,20-tetraphenyl- 21 H,23 
H-porphine nickel (II) (NiTPP) (Sigma-Aldrich) and Ni3S2 
(Sigma-Aldrich). 

2.2. STXM measurements and analysis 

The catalytic powders were physically deposited in the dry state onto 
formvar coated 3 mm Cu grids. Poorly adhering particles and large ag
glomerates were removed by tapping the grid on a hard surface. STXM 
and spectro-ptychographic imaging were performed at the soft X-ray 
spectromicroscopy beamline (SM) 10ID-1 at the Canadian Light Source 
(CLS, Saskatoon, Canada). [30] Spectroscopic information was obtained 
by recording raster scanned image sequences (also known as stacks 
[31]). The energy scale of the beamline was calibrated by recording the 
spectrum of neon gas. [32] STXM images, point spectra, and stacks were 
analyzed using aXis2000. [33,34] Stacks were first aligned using Fourier 
cross-correlation procedures, then converted to an optical density (OD) 
using the Io signal from regions free of the catalyst particles. Chemical 
maps were obtained by fitting the OD stack to a set of reference spectra 
recorded from pure materials, as described in detail elsewhere [11]. 

2.3. Ptychography measurements, reconstruction, and analysis 

Diffraction images (DI) at overlapping raster scanned positions were 
recorded using a CCD detector (Andor model DX434, 1024 × 1024 
pixels). In order to convert the focused ~60 nm spot to a defocused spot 
size of either 1.25 or 3.0 µm diameter, the zone plate position was dis
placed along the X-ray axis. Dwell times of 1–3 s per diffraction image 
were used. Although DI of adequate quality can be achieved with sub- 
second dwell, longer dwells were used so as to have a better duty 
cycle, which is limited by the ~1 s/image transfer rate of the Andor 
camera. Sets of ptychographic DI were reconstructed using the PyPIE 
software package (developed by the CLS SM beamline team [26,28]), 
which is a CPU-based python program using the extended Python Iter
ative Engine (ePIE) algorithm. [34–38] Amplitude and phase images of 
both the object and the probe are generated by the PyPIE iterative 
reconstruction. The reconstructed amplitude and phase stacks were 
analyzed using aXis2000 [33,34] in a similar way as for STXM stacks. 
The amplitude images from the reconstruction are first aligned using 
Fourier cross-correlation. Following this, an area of the 
ptycho-amplitude-stack that does not have any catalyst particles is used 

Fig. 1. Comparison of STXM and ptychography images. (a) STXM transmission image at 852.7 eV of the Ni-N-C-high sample [3 ms/pixel, (4 µm)2 (156)2 pixels, total 
acquisition time of 6 min]. (b) Ptychography amplitude image of the same area, at the same photon energy. The diffraction images were measured with a 1.25 µm 
defocus spot, 32 × 32 spots, with 90% overlap and 3.0 s dwell. Total acquisition time was 29 min. 
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as an Io signal in the conversion of the ptycho-amplitude signal to the 
ptycho-absorption signal. For the phase images, Io normalization was 
not used [35] since the amplitude of a phase change signal should not be 
affected by the incident flux. In any case, there is no sharp spectral 
structure in the incident flux at the Ni L3 edge. The Io signal does change 
by a factor of 2 over the energy range measured, which means that 
Io-normalized phase spectra would be tilted relative to that we present. 

3. Results 

3.1. Imaging: STXM versus ptychography 

Fig. 1a shows a STXM transmission image at 853.9 eV of an 
agglomerated particle of the high-Ni loading Ni-N-C material. The image 

was measured using the fully focused spot from a 50 nm outer zone 
width zone plate. Fig. 1b shows the ptychography amplitude image, 
generated by reconstructing a ptychography data set measured at 853.9 
eV using a 1.25 µm defocused spot size, and 90% overlap (4×4 µm, 32 
×32 samples, 1.7 s/DI). The much higher spatial resolution of the pty
chography amplitude image is readily apparent. Some very small Ni 
nanoparticles (~20 nm) dispersed in the Ni-N-C sample are now 
observed, which could not be seen in the corresponding STXM image. 
Lines across sharp features indicate an apparent spatial resolution of 60 
± 10 nm for STXM and 20 ± 5 nm for ptychography. In a preliminary 
ptychography study of the Ni-N-C sample, a Fourier ring correlation 
(FRC) determined a half-pitch spatial resolution of 10 nm (see Fig. S19 of 
ref [9]), consistent with the 20 nm resolution estimated from line pro
files across sharp features. 

Fig. 2. Chemical mapping of a Ni-N-C-high 
catalyst aggregate by a 4-energy ptychography 
stack. Absorption images derived from recon
structed ptychography amplitude images at (a) 
848 eV. (b) 852.1 eV (Ni metal). (c) 853.2 eV 
(Ni3S2) (d) 854.2 eV (Ni-TPP). All absorption 
images are plotted on the indicated grey scales. 
(e) Reference spectra of Ni metal, Ni-TPP and 
Ni3S2 on an optical density per unit thickness 
(OD1) scale with offsets, indicated by the color- 
coded zero of each curve, and scale factor, 
indicated by the 5 µm− 1 vertical scale bar. The 
four energies sampled are indicated. (f) 
Rescaled color coded composite: Ni metal (red), 
Ni-TPP (green) and Ni3S2 (blue).   
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3.2. Spectro-ptychography – amplitude 

Fig. 2 presents the results of chemical mapping of the Ni-N-C-high 
catalyst aggregate by a 4-energy ptychography stack. These energies 
were chosen to best differentiate the Ni metal, Ni-TPP, and Ni3S2 species 
(see Fig. 2e). As found from the STXM study of the same particle [9], the 
Ni L3 spectrum obtained from the carbonaceous region (areas that did 
not observably contain any particles) is well fit by the Ni L3 spectrum of 
Ni-TPP. Meanwhile, the readily visible particles are best fit by a com
bination of Ni metal and Ni3S2, along with some Ni-TPP. Despite 
measuring only a few energies, the fit quality is excellent. The color-code 
chemical component maps derived from fitting the 4-E stack show that 
the nanoparticles mainly consist of Ni metal and Ni3S2, while the Ni-TPP 
signal is strongest in the matrix region. These results are qualitatively in 
good agreement with those derived from STXM measurements of the 
same sample [9]. 

Fig. 3 presents results from fitting a full, 34 energy spectro- 
ptychography absorption stack. The chemical component maps show 
the distribution of each Ni species. Ni metal and Ni3S2 mostly exist as 
components of the nanoparticles while the Ni-TPP signal is broadly 
dispersed in the matrix. This result is very similar to that derived from 
the 4-energy spectro-ptychography stack (Fig. 2) and that derived from 
the STXM stack reported in ref [9]. More importantly, since the refer
ence spectra used in the analysis are on an absolute intensity scale – 
optical density per μm – the grey scale of each component map shown is 
quantitative, giving thickness in nm. 

Fig. 4 is an expanded presentation of the results in Fig. 3, in the re
gion indicated by the yellow box in Fig. 3d, which is a region with 
several of the larger particles. The particles are clearly a composite of 
different species, with an exterior dominated by Ni3S2 and an interior 
that is either Ni metal or a combination of Ni metal and Ni-TPP-like Ni- 
N-C single atom catalyst. A core-shell structure, with a sulfur-rich 

exterior and a Ni-rich core, had previously been observed by trans
mission electron microscopy combined with EELS mapping of some 
particles in the Ni-N-C-low sample, as shown in Fig. 4e (reproduced from 
Fig. 2 of [9]). 

3.3. Spectro-ptychography – phase analysis 

Ptychographic reconstruction provides an object scattering phase as 
well as the object scattering amplitude. A simultaneous analysis of the 
amplitude and phase signals, combined as an X-ray refractive index 
signal, would be preferable; an example of that approach has been re
ported by Farmand et al. [39] Alternatively, one can fit the phase stack 
to suitable phase reference signals. Although we have not measured 
phase spectra of the pure reference species by ptychography, we were 
able to derive these from the phase stack using regions of interest (ROI) 
defined by the component maps derived from the amplitude/absorption 
stack (Fig. 3). 

Fig. 5 presents the phase spectra of the Ni metal, carbonaceous ma
trix region (Ni-TPP-like) and Ni3S4 extracted from the phase stack 
derived from the same ptychographic reconstruction of the 34 energy 
spectro-ptychography stack. The phase spectra have a typical ‘deriva
tive-like’ shape [38,39]. The scattering phase shift signals from the 
denser, more crystalline Ni3S2 and Ni metal particles are much stronger 

Fig. 3. Chemical mapping of Ni-N-C-high by a 34 energy Ni L3 spectro- 
ptychography absorption stack. (a) component map of Ni metal. (b) compo
nent map of Ni single atom catalyst, as Ni-TPP. (c) component map of Ni3S2. 
The grey scale limits of each component map are thickness in nm. (d) rescaled 
colour-coded composite of the 3 component maps. (e) The reference spectra are 
plotted in Fig. 2e. The yellow box is the region expanded in Fig. 4. The pty
chography stack was measured using a 2.0 µm spot to scan over (4 µm)2 area 
with (10)2 points grid and 80% overlap with a dwell of 2.3 s. 

Fig. 4. Chemical mapping of particles in the Ni-N-C-high catalyst aggregate 
mapped by 4-energy ptychography. Quantitative maps (nm thickness) derived 
by fitting the 4E stack to the reference spectra (Fig. 2e). (a) Ni metal.(b) Ni-TPP. 
(c) Ni3S2 maps. (d) Rescaled color coded composite of the component maps 
after removal of pixels with large negative value, in order to better show the 
distribution of Ni components. Ni metal (red), Ni-TPP (green), Ni3S2 (blue). (e) 
TEM imaging and TEM-EELS sulfur and nickel mapping of an individual particle 
in the Ni-N-C-low sample. [9]. 
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than that from the TPP-like single atomic catalyst in the matrix. The first 
dip in the Ni metal and Ni3S2 phase signals occur at 853.1 eV (at the 
same energy as the absorption maximum in Ni metal but 0.3 eV below 

that of Ni3S2). The first dip in the phase signal of the carbonaceous 
matrix occurs at 853.3 eV, which is 0.9 eV below the maximum in the 
absorption spectrum of Ni-TPP. Chemical mapping based on these phase 
signals is presented in Fig. 6. In general, the component maps derived 
from the phase signals are in reasonable agreement with those derived 
from the ptychography amplitude signals. We note that the intensities in 
the ptychography phase-derived component maps are qualitative and 
cannot be related among the 3 species, since the connection between 
phase spectra and material thickness is not understood. This is in 
contrast to the quantitative thickness scales provided by analysis of the 
ptychography amplitude signals in the same way as STXM X-ray trans
mission signals. 

3.4. Ptychography of Ni-N-C-low 

In our previous study [9], the Ni-N-C low sample was shown to be a 
more efficient and selective CO2 reduction catalyst than the Ni-N-C-high 
sample. The goal of the STXM study was to identify why. Fig. 7 presents 
chemical maps of the Ni-N-C-low sample derived from fits of the Ni 
metal, Ni-TPP, and Ni3S2 reference spectra (Fig. 2e) to the absorption 
images derived from amplitude images generated by reconstruction of a 
full spectro-ptychographic stack. Qualitatively, the spatial distributions 
of Ni components in the Ni-N-C-low sample are similar to that of the 
Ni-N-C-high sample shown in Fig. 3, but there are very few particles 
compared to the Ni-N-C high sample. In previous STXM studies for 
Ni-N-C-low samples, the observation of very few particles could have 
been attributed to the low spatial resolution of STXM such that that 
particles with size < 50 nm might widely exist but could not be detected. 
Here, the spectro-ptychographic results with a spatial resolution of 
~20 nm, confirm there are very few nanoparticles with size > 20 nm in 
the Ni-N-C-low material. The spectro-ptychography results show that 

Fig. 5. Phase spectra of Ni metal, Ni-TPP and Ni3S2. The phase spectra are 
extracted from the phase stack for the Ni-N-C-high sample using regions of 
interest identified from the component maps derived from the analysis of the 
spectro-ptychography derived absorption stack (Fig. 3). The vertical scale bar, 
when combined with the indicated multiplicative factors, gives the scale of 
phase change for each phase-spectral component. The curves are offset 
for clarity. 

Fig. 6. Chemical mapping of a Ni-N-C-high aggregate by a 34 energy Ni L3 
spectro-ptychography phase stack. Component maps of (a) Ni metal, (b) Ni 
single atom catalyst, as Ni-TPP. (c) Ni3S2, derived by fitting the phase stack 
(from the same data set for which the absorption ptychography analysis is 
presented in Fig. 3) to the phase spectra presented in Fig. 5. (d) rescaled color 
coded composite of the 3 component maps. 

Fig. 7. Chemical mapping of Ni-N-C-low by a Ni L3 spectro-ptychography ab
sorption stack. Component maps of (a) Ni metal. (b) Ni single atom catalyst, as 
Ni-TPP. (c) Ni3S2, derived from a 34 energy Ni L3 ptychography stack using 
3 µm defocused spot to scan (6)2 μm area with (10)2 pixels and 1.7 s dwell time 
to achieve 80% overlap. The grey scale limits are thickness in nm. (d) Rescaled 
color coded composite of the 3 component maps. Reference spectra are plotted 
in Fig. 2e. 
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the Ni-N-C-low material is quite homogeneous. This is favorable for the 
design of electrocatalysts and could be one of the reasons why Ni-N-C 
low shows better catalytic performance. 

4. Discussion 

Spectro-ptychography, measured using a defocused spot and a high 
degree of overlap, offers several specific advantages relative to con
ventional STXM. Radiation damage is frequently a significant limiting 
factor in high-resolution X-ray microscopy. [40–42] Recently, Mille 
et al. [24] presented a quantitative dose analysis for soft X-ray pty
chography measured using a defocused probe and high overlap, condi
tions similar to the present study. That analysis showed that defocused 
spectro-ptychography delivers an appreciably lower dose and much 
lower dose density compared to STXM. For example, a STXM measure
ment of a single 4 µm* 4 µm image, using a 40 nm spot size and 2 ms 
dwell requires an exposure time of 20 s. In contrast, the corresponding 
ptychographic image measured using 500 ms dwell, 90% overlap and a 
1.0 µm spot size (which has over 600 times lower dose density than the 
STXM conditions) would involve an exposure time of ~500 s. When the 
600-fold lower dose density is factored in, the defocused, high-overlap 
ptychography delivers a dose equivalent to ~1 s of STXM. This 
~20-fold lower radiation dose means there is correspondingly lower 
radiation damage. In addition, the longer dwell time means more 
X-ray-sample interaction and thus better statistical precision. Also, the 
long measurement time of each DI (relative to a single point in a 
full-focused STXM image) reduces the sensitivity of the results to arti
facts from mechanical instabilities in the microscope, beamline and 
storage ring. 

While the results presented here demonstrate the improved spatial 
resolution and statistical precision provided by ptychography, further 
improvements can be made. The existing CLS ambient STXM platform 
has relatively poor mechanical stability. A new STXM mechanism has 
been built and will be installed and commissioned by the end of 2023. 
The Andor CCD camera used for this study has a relatively slow image 
transfer speed. A new generation of direct X-ray sensitive sCMOS cam
eras for the soft X-ray region are now available which have much faster 
data transfer rates (for example, current generation sCMOS devices can 
transfer a 1 Mpixel image in 40 ms). Such sCMOS cameras have been 
used for low energy spectro-ptychography studies [24,25] including a 
very recent spectro-ptychography study of a Cu carbon dioxide reduc
tion (CO2R) catalyst under in-situ flow electrochemical control condi
tions [43]. 

This spectro-ptychography study has provided chemical and 
morphological information with a significantly superior spatial resolu
tion to that provided by our earlier STXM study. [9] The 
spectro-ptychography analysis of the few-particle area (Fig. 4), although 
still at a much lower spatial resolution than the TEM imaging and EELS 
mapping reported earlier [9], is consistent with the previous conclusion 
that core-shell particles, with Ni metal surrounded by Ni3S2, tend to 
form with the synthesis conditions for Ni-N-C-high. Lowering the Ni 
content and reducing the amount of Ni metal-rich nanoparticles in
creases the homogeneity which was previously shown [9] to improve 
the Faradaic efficiency for the reduction of CO2 to CO. 
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