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A B S T R A C T

Over the past decade advances in instrumentation and software have enabled development of spectro- 
ptychography (SP) as a higher spatial resolution extension of scanning transmission X-ray microscopy (STXM). 
Direct comparisons are made of same-area chemical state imaging of Cu nanoparticles using STXM and SP in 
order to compare and contrast the two approaches. We show that SP gives very similar chemical state infor
mation as STXM with significantly better spatial resolution and much higher quality images and chemical maps, 
on account of finer pixels in the reconstructed images. When defocused spot sizes are used (i.e., 1–3 μm, as 
opposed to full-focus 30–50 nm) SP data acquisition is faster and the radiation dose delivered to the sample is 
smaller than the corresponding STXM measurement. The limitations of SP are primarily related to the time and 
complexity of the ptychographic reconstruction. We argue that these documented advantages mean that SP 
rather than STXM should be used for more complex studies such as tomography and in situ studies, especially 
when radiation damage is a concern. The main point of this manuscript is to illustrate, with scientifically relevant 
samples, the significant advantages of SP relative to conventional STXM, with the goal of encouraging greater use 
of SP.

1. Introduction

Over the past several decades, soft X-ray scanning transmission X-ray 
microscopy (STXM) has emerged as a powerful synchrotron-based 
spectro-microscopic technique for quantitative chemical characteriza
tion [1–5]. STXM provides X-ray imaging with high spatial resolution 
and sensitive chemical analysis. It provides morphological and chemical 
information of materials at the nano- and microscales. Chemical sensi
tivity is provided by near-edge X-ray absorption fine structure (NEXAFS) 
spectroscopy [6], the fine structure at core excitation edges. NEXAFS is 
sensitive to oxidation state, chemical functionality and bonding. It is 
also sensitive to geometric and magnetic anisotropy through linear and 
circular dichroism [2–4]. Electron energy loss spectroscopy (EELS) 
measured in a transmission electron microscope (TEM) [7,8] provides 
similar chemical sensitivity at much higher spatial resolution (<0.1 nm). 
Relative to TEM-EELS, STXM is particularly useful in studies of radiation 

sensitive systems, such as biological and polymer samples, due to its 
significantly lower radiation damage at comparable information rates, 
as compared to TEM-EELS [8–11].

STXM has seen extensive application in energy materials science 
[12–20] since it provides chemical and structural information beyond 
elemental identity, such as oxidation state, chemical bonding, coordi
nation, orientation, and magnetic properties. However, materials sci
ence and technology increasingly require analytical probes at the 
nanoscale, so the spatial resolution of STXM (practical instruments 
~30 nm, state-of-art ~8 nm [21]) is a significant limitation.

Over the past decade scanning coherent diffraction imaging, now 
known as ptychography, has emerged as a high resolution X-ray imaging 
technique [22,23]. It can be readily implemented as an extension to 
conventional STXM where it provides 3 – 5 times higher spatial reso
lution than corresponding STXM images measured at full focus using the 
same zone plate [24-26]. The spatial resolution of STXM (R) is 
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determined by the properties of the Fresnel zone plate used to focus the 
X-rays, in particular, the diameter (D) and the outer zone width (δr) (R =
Dδr/λ, where λ is the X-ray wavelength) [1]. Although ptychography 
performed in a STXM does use a zone plate, in principle the spatial 
resolution achieved by coherent diffractive imaging (CDI) is not 
dependent on the properties of lenses. In principle, ptychography can 
achieve a photon wavelength (λ) limited spatial resolution, Rwl = 0.61 
λ/N.A., where the numerical aperture (N.A.) is necessarily smaller than 
1 [22,27,28]. Thus, in the soft X-ray region (100–2000 eV), spatial 
resolutions from 7.5 nm to 0.4 nm are potentially achievable. To date the 
best achieved spatial resolution in soft X-ray ptychography is a full 
period Rayleigh resolution (1.22 λ/D, where λ is the wavelength and D is 
the position of the first minimum in the radial distribution of the probe 
[1]) of 6 nm at 1500 eV [25], which is still 5 times lower than might be 
achieved in a fully optimized ptychography measurement. There is still 
room for instrumental and software improvements !

Ptychography uses a high performance X-ray camera to measure 
transmission diffraction patterns created by a partially or fully coherent 
X-ray beam impinging on a sample [23,27,28]. Arrays of such diffraction 
images (DI) sampled in real space with overlap, are reconstructed into 
real space images and phase maps using an iterative computer algorithm 
[29–31]. In spectro-ptychography (SP), ptychography images are 
measured at sequences of X-ray energies spanning one or more X-ray 
absorption edges. Although the spectral signals in SP are really a 
refractive index spectroscopy [32], to a first approximation, SP ampli
tude stacks can be treated in the same way as STXM transmission stacks. 
The first soft X-ray SP study was performed by Beckers and co-workers 
[33].

Ptychography [34] can be applied using various fully or partially 
coherent illumination sources, including visible light [35], electron 
beam in TEM [36,37], soft [24,25] and hard X-rays [38,39], and laser 
based extreme ultraviolet (EUV) light [40]. In the last decade, 
spectro-ptychography performed in soft X-ray STXM instruments has 
developed significantly (see supplemental information, section SI-1 and 
Fig. S.1 which summarizes the SP literature to mid-2024). The data 
presented in SI-1 is excerpted from a bibliography of all soft X-ray mi
croscopy papers [http://unicorn.mcmaster.ca/xrm-biblio/xrm_bib.htm 
l]). Of the approximately 2500 papers reporting soft X-ray microscopy 
published from 1970 to mid-2024, about 4 % involve ptychography. 
With the use of multiple photon energies, image sequences of ptycho
graphic amplitude and phase images (also called stacks [41]) can be 
recorded in ways similar to conventional STXM stacks. Thus, chemical 
mapping using soft X-ray SP [24,26] is now recognized as a higher 
spatial resolution alternative to chemical mapping using STXM. Soft 
X-ray SP has been used in many applications, including Li batteries [25, 
42–45], fuel cells [46], electro-catalysts [47–49], organic photovoltaic 
materials [50], magnetic bacteria [51], etc.

The purpose of this paper is to report a direct comparison of the 
results of STXM and SP measurements of the same area of the same 
electrodeposited Cu particle samples in order to evaluate the relative 
merits of the two closely related techniques. We have intentionally 
chosen to study ‘real world’ samples, rather than artificially optimized 
“resolution test standards”, since this allows a more realistic evaluation 
of the ‘value added’ of SP relative to STXM. While the focus of this article 
is the STXM/SP comparison, the two samples we have investigated are 
candidate CO2 reduction electrocatalysts, prepared by slightly different 
methods. As detailed in the discussion, the differences in morphology 
and chemical composition can be related to the differences in the sample 
preparation. The direct comparison documents significant advantages of 
SP relative to STXM in terms of spatial resolution, spectral chemical 
mapping, acquisition times, and radiation dose. We conclude that, 
where feasible, it is better to use SP rather than STXM. The authors hope 
that this will encourage greater use of SP in the many application areas 
of soft X-ray microscopy, and also encourage more synchrotron radia
tion facilities to provide soft X-ray ptychography, especially the 4th 
generation diffraction-limited storage rings [52] currently operating, 

under construction or being commissioned. Increased use of SP is ex
pected given (i) the importance of high brightness and coherence to 
successful ptychography, and (ii) the huge investment in upgrades or 
new facilities using high brightness fourth generation technology.

2. Experimental

2.1. Sample preparation

2.1.1. Electrodeposition of Cu nanoparticles (samples A & B)
Cu nanoparticles were electrodeposited from a solution of 5 mM 

CuSO4 and 50 mM KCl onto a thin (15 nm) Au working electrode on a 
micro-chip device designed for in situ flow electrochemical STXM [15]
and SP [49]. The electrodeposition solution concentrations and condi
tions were chosen based on previous reports [47] to target particles in 
the range of 50− 100 nm diameter. The details of the electrodeposition 
are given elsewhere [15]. Cu nanoparticles prepared in a similar manner 
were also characterized using scanning electron microscopy (SEM). 
(supplemental information, Fig. S.2). Sample A (measured at the Her
mes beamline of Synchrotron Soleil [53]) is in the center region of the 
electrodeposited Cu samples, where typically the Cu exists as nano
particles. Sample B (measured using the ambient STXM at the spec
tromicroscopy (SM) beamline at the Canadian Light Source, CLS [54]) is 
a region at the edge of an electrode of another Cu sample prepared using 
a slightly different electrodeposition method. In this case, the sample 
morphology includes both ‘chunky’ dendrites and both small and large 
nanoparticles. The more complex morphology of sample B as compared 
to sample A is due to the use of a lower potential range for sample A 
(-0.25 to +0.15 V, − 10 to +25 μA) than for sample B (-0.35 to +0.15 V, 
− 30 to +30 μA; V are relative to Ag/AgCl).

2.2. STXM measurements and data analysis

The STXM measurements for sample A were performed using the 
HERMES beamline at Synchrotron SOLEIL [53]. The STXM measure
ments for sample B were conducted at the spectromicroscopy beamline 
(SM) 10ID-1 at the Canadian Light Source (CLS, Saskatoon, Canada). 
Details of the ambient STXM and the SM beamline [54] have been 
presented elsewhere. Briefly, a monochromatic X-ray beam is focused to 
a ~40 nm spot by a Fresnel zone plate. The sample is positioned at the 
focal point of the X-ray beam. Images ware measured by (x,y) raster 
scanning the sample while recording the transmitted X-ray intensity 
pixel by pixel in a single photon counting mode using a phosphor/
photomultiplier single X-ray counting detector. STXM images at a single 
photon energy were measured by scanning the sample while recording 
the transmitted X-ray intensity pixel by pixel. A STXM stack is a 
sequence of STXM images collected at various photon energies to pro
vide spatially resolved spectroscopic information about the sample. For 
sample A, a 34 energy Cu 2p3/2 stack spanning 925–945 eV was used 
and the same energy values were measured with both STXM and SP. For 
sample B, the sampled energies, spatial range and other experimental 
conditions were changed between the STXM and SP measurements, as 
documented in Table 1. These differences are taken into account when 
making STXM/ptycho comparisons of dose, time, efficiency etc.

All STXM data (and SP derived absorption stacks) were analyzed 
using aXis2000 software [55]. The analysis consisted of Fourier 
cross-correlation alignment, conversion from the as-recorded trans
mission signal to STXM optical density (OD) or SP absorption [4] and 
photon energy calibration. A fitting procedure based on the singular 
value decomposition (SVD) matrix method [56] was used to analyze the 
stacks. The reference spectra used in fitting both the STXM and SP stacks 
are displayed in Fig. 1. The Cu 2p spectra of Cu metal, Cu2O and CuO, 
measured using STXM explicitly for this work, are plotted as points, 
using an absolute intensity scale, optical density per nm at standard 
densities (OD1) [4]. Offsets are used for clarity. Superimposed, and on 
the same absolute OD1 scale are spectra of the same species reported by 
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Jiang et al [57]. There is excellent agreement in spectral shape and 
feature energies.

The result of fitting a STXM or SP stack to suitable reference spectra 
is a set of component maps (spatial distributions), one for each 
component, along with a map of a constant (corresponding to the Au 
electrode) and the residual of the fit, averaged over all energies of the 
stack [4]. When reference spectra on OD1 intensity scales (as in Fig. 1) 
are used in a fit, the gray scales of the derived component maps are an 
estimate of the average thickness in nm at each pixel measured [4]. In 
order to verify the chemical mapping and quality of fits, the Cu 2p X-ray 
absorption spectra (XAS) of selected areas (many pixels, which are not 
necessarily contiguous, but with similar Cu L3 spectra) were extracted 
from the STXM stacks. An example of the fit analysis in the spectral 
domain is presented in SI-3, Fig. S.3.

2.3. Spectro-ptychographic measurements

In this work a back-illuminated Dhyana-92 or Dhyana-95 camera 
(Tucsen Inc., China https://www.tucsen.com/) with a coated scientific 
complementary-metal-oxide-semiconductor (sCMOS) sensor [58] was 
used to record the diffraction images. The version used for this work was 
capable of transferring a full 1024 × 1024 (1 Mpixel) 16-bit image in 
less than 100 ms (current versions have 2048×2048 pixels, and a 
transfer rate of 48 12-bit images/sec). The well depth is 16-bit and the 
average background is 70.7±0.3 counts/pixel/60 ms), most of which is 
from a background associated with the visible light interferometer laser 
used in the STXM [59]. The background signal is stable over the time to 
measure an SP stack, but does vary from pixel to pixel so 10 images are 
measured with the X-ray beam shuttered and the average of those im
ages is subtracted from each DI of a measured ptychography image. The 
version with the coated sensor (Gpixel GSENSE400BSI) has high quan
tum efficiency down to 500 eV, while the version without a sensor 
coating (Gpixel GSENSE400BSIGP) has high sensitivity down to the 
visible range – see Fig. S.1 of the supplemental information of reference 
[60]).

In the implementation at the CLS ambient STXM the glass cover of 
the sensor of the as-received Dhyana-95V2 sCMOS camera was removed, 
and the camera was mounted on an x,y,z stepper motor stage on which 
the conventional phosphor-photomultiplier detector was also mounted 
(see Fig. S.4). The water cooling lines to the integral Peltier cooler are 
permanently mounted in the ambient STXM. The data signal is trans
mitted through the STXM vacuum tank using a double sided USB3.0 
(male-male) feedthrough. The x-axis (horizontal) range of the detector 
stage is 100 mm, allowing either the STXM or the ptychography detector 
to be positioned and centered on the X-ray axis of the monochromated X- 
ray beam.

At the STXM on the Hermes beamline at synchrotron SOLEIL the 
Dhyana-92V1 sCMOS camera (the first version, supplied without water 
cooling) has been heavily modified. A Peltier chiller with water cooling 
was added and the read-out electronics were rebuilt such that only the 
first stage of readout is inside the STXM tank with all other parts of the 
readout electronics outside the STXM tank (see Fig. S.5). At the time of 
these measurements (Oct 2022), it was necessary to remove the con
ventional phosphor-photomultiplier detector and physically mount and 
center the Dhyana camera. This is somewhat time consuming (~2 h) 
and a task needing considerable care and expertize. So, although most 
functions can be performed in ptychography mode (albeit, somewhat 

Table 1 
Summary of parameters used for STXM and spectral ptychography measurements reported in this paper.

Sample Method measurement E (eV) Calibþ

(eV)
Spot 
size 
(nm)

Slits 
(μm)

Size 
(μm)

Sampling 
(points)

Overlap 
(%)

Dwell 
(ms)

reconstruction Elapsed 
time (m)

Dose 
(@) 
(MGy)

A& STXM image 933.3 ​ 33 20 
×20

2 ×2 60 ×60 - 20 - 1 66

STXM Cu 2p stack 
S221009049

924–946 
(34-E)

− 5.6 33 20 
×20

2 ×2 60 ×60 - 20 - 90 2000

ptycho image 933.3 ​ 1000 20 
×20

2 ×2 20 ×20 90 60 AP1000 1 19

SP Cu 2p stack 
S221009046

924–946 
(34-E)

− 5.6 1000 20 
×20

2 ×2 20 ×20 90 60 AP1000 40 640

B* STXM Cu 2p stack 
A230804005

924–949 
(92-E)

− 0.33 40 7 ×7 8 
×12

200 ×300 - 2 - 300 160

SP Cu 2p stack 
A230803086

924–949 
(58-E)

− 0.33 2500 16 
×16

6 ×6 12 ×12 80 310 800 45 750^

+ energy needed to add in order to match the peak of CuO to that of the calibrated CuO reference spectrum (930.54 ±0.05 eV)
& Electrodeposition: − 0.25 to +0.15 V, − 10 to +25 μA for sample A.
* Electrodeposition: − 0.35 to +0.15 V, − 30 to +30 μA for sample B (V are relative to Ag/AgCl).
@ evaluated from dose per pixel, taking into account overlap used. Similar results are obtained if the dose is estimated from the total energy delivered to the whole 
imaged area over the total time for the measurement.
The beam was on the sample for the total time of the measurements (no shuttering).
^ Note that for the SP measurement at CLS, if the same sized slits as used for STXM were used, the dose would be 1/5th or only 120 MGy.

Fig. 1. Cu 2p spectra of Cu metal, cuprous oxide (Cu2O) and cupric oxide (CuO) 
plotted on absolute OD1 intensity scale. The dots are experimental data, which 
were measured at Bessy-II (Cu2O, CuO) and CLS (Cu). The solid lines are the 
corresponding spectra digitized from Jiang et al [57]. Offsets, used for clarity, 
are indicated by the zero intensity indicators.
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awkwardly), typically microscope and beamline tuning, focusing, region 
of interest selection and spectroscopic checks such as energy calibration 
and thickness determination are performed prior to changing from 
STXM to SP mode. The SP acquisition software at the Hermes STXM 
(custom written python code) can be used in a STXM-like mode where, 
at each position in the image, it only records an integral of the central 
area which includes all of the unscattered light – and thus the equivalent 
to the STXM signal. This mode was used for the STXM results presented 
in Fig. 2 & 3. In addition, when a very large defocus is used, the camera 
image becomes a type of projection, full field imaging microscope which 
can be very useful for navigation. We note that recently the detector set- 
up at the Hermes STXM has been modified so that both the ptychog
raphy camera and the phosphor-photomultiplier detector co-exist in the 
STXM tank and one can change from STXM to SP mode without opening 
the STXM tank.

2.4. Ptycho acquisition and data analysis

2.4.1. Ptycho acquisition
Ptychography measured using the smallest spot size achievable, with 

a zone plate or other X-ray focusing, and spot overlaps of 20–40 % has 
been used in many previous X-ray spectro-ptychography (SP) studies 
[25,46,61]. However the key to the many advantages provided by SP 
relative to conventional STXM described in this article is the use of an 
intentionally defocused X-ray spot size. Ptychographic imaging with a 
defocused electron spot size has been adopted in the scanning trans
mission electron microscopy (STEM) community to reduce radiation 
damage while at the same time achieving phase imaging with a spatial 
resolution beyond the diffraction limit [36]. Use of defocused spot sizes 
in soft X-ray transmission microscopy was first reported by Xu et al [62]. 
Due to the advantages of (i) fewer numbers of DI images per ptycho 
image, and (ii) reduced radiation damage/ DI, defocused spot sizes are 

being used increasingly [42,60]. Procedures to optimize parameters 
such as spot overlap [63] and detector distance from the sample [64] are 
published elsewhere.

In this work the position of the sample (Soleil) or the zone plate (CLS) 
was intentionally displaced from the full focus position in order to have 
an annular spot (from the projection of the zone plate zones) with an 
outer diameter of 1 μm at Soleil and 2.5 μm at CLS. When defocused spot 
sizes are used it is important to choose a step size that will achieve a high 
degree of overlap of adjacent spots, typically 80 – 90 %. An experi
mental demonstration of the effect of sampling overlap for a 1 μm spot 
size on the quality of the ptychographic reconstruction was presented 
earlier [60]. For sample A (Soleil), the exposure time for each diffrac
tion image (DI) was 60 ms for the 1 μm ptychography stack measure
ment, which was the minimum time required to integrate for 50 ms 
dwell and transfer the image to the acquisition computer. For sample B 
(CLS), the exposure time for each diffraction image (DI) was 310 ms for 
the 2.5 μm defocused ptychography stack measurement,. This longer 
exposure was selected to improve the quality of individual DI, relative to 
the fastest possible acquisition (~60 ms/DI at the CLS installation). The 
emittance of CLS (18 nm.rad) is much larger than that of Soleil (4 nm. 
rad), and thus the coherent fraction is lower.

2.4.2. Reconstruction using PYNX
The ptychography data for sample A was reconstructed using the 

open-source Python tools for Nano-structures Xtallography (PyNX) 
software [65], developed at the European Synchrotron Radiation Fa
cility. 200 iterations of the Alternate Projection (AP) algorithm with a 
single probe function (AP**200) was used for the initial analysis. At a 
later time, the data was re-processed using a 2 stage processing in which 
3 probe functions and AP**1000 iterations was followed by a 1 probe, 
AP**50 iteration reconstruction. The more complex reconstruction 
typically reduces the extent of raster grid artifact [66,67], and improves 
the spatial resolution (see SI-5, Fig. S-6). Two different computer set-ups 
were used to process the ptycho data at the Hermes beamline – the first 
one with fewer GPUs but a faster CPU which was used for checking and 
parameter optimization on a single image; while the second one featured 
a slower CPU but many more GPUs, which was used for unsupervised 
processing of stacks. Typical processing times with the Soleil computer 
network and processors are 5 min/image for AP**200 and 
20–30 minutes/image for AP**1000.

2.4.3. Reconstruction using PyPIE
The ptychographic data sets for sample B were reconstructed using 

the PyPIE software package, developed by the CLS SM beamline team 
[42,68]. PyPIE is a CPU-based python program using the extended 
Ptychographical Iterative Engine (ePIE) algorithm [34,35]. PyPIE and 
the computational platform at CLS is considerably slower that the PYNX 
setup at Soleil. However automated procedures to process a stack by 
dedicating individual CPUs of a 40-CPU computer are used to facilitate 
the data processing. Typically using PyPIE to process a ptychography 
data set for one image consisting of 144 DI would take ~50 m. Since 
multiple processors (1 / energy) are used when processing stacks, the 
time to process an <80 energy stack is only twice the time to process a 
single image.

3. RESULTS

3.1. Comparing STXM and SP of Cu nanoparticles at Soleil (sample A)

Fig. 2 compares STXM (Fig. 2a) and ptychography (Fig. 2b) images at 
933.3 eV, the peak energy of Cu L3 absorption of Cu metal and Cu2O) of 
deposited Cu particles (sample A). The detailed parameters for each 
measurement are listed in Table 1. The time for a STXM image acqui
sition (~3 min) is 3 times longer than the corresponding ptychography 
image acquisition (~ 1 min). Despite a shorter measurement time, the 
resulting ptychography image has better spatial resolution and 

Fig. 2. Comparison of imaging and chemical mapping by STXM and SP of 
sample A. (a) STXM transmission image at 933.3 eV. (b) ptychography ampli
tude image at 933.3 eV. Color coded composite of Cu (red), Cu2O (green), and 
CuO (blue) component maps, derived from (c) the fit of a 34 energies Cu L3 
STXM stack (~90 m) and (d) the fit of an SP (Ptycho) 34 energies Cu L3 
stack (30 m).
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statistical precision which allows better visualization of fine, weakly 
absorbing particles. The spatial resolution in the SP image is ~3x better 
than that of the STXM image, as demonstrated by comparisons of line 
profiles over the same position on the sample (see SI-6, Fig. S.7). The 34 
energy STXM stack took 90 m to record while the corresponding SP 
stack took only 30 m. The radiation doses for the STXM and SP stacks 
were calculated using standard methods described elsewhere [69,70]. 
Details and results are presented in section SI-8, Table S-2, while the 
total dose for each measurement is listed in Table 1. The estimated dose 
imparted to record the SP stack is 640 MGy while the estimated dose for 
the STXM stack is 2000 MGy.

The color coded composites of the component maps of Cu, Cu2O and 
CuO, derived by stack fitting the STXM and SP stacks are presented in 
Figs. 2c and 2d. The individual, quantitative component maps are pre
sented in Fig. 3. The color-coded chemical mapping using SP has 
improved spatial resolution relative to that derived from STXM (see 
Figs. 2c, 2d and section SI-6, Fig S.7, for detailed spatial resolution 
evaluation). The quantitative spatial distributions of Cu, Cu2O and CuO 
in SP mapping are similar to those derived from STXM, but with much 
higher spatial resolution, such that small Cu(I) nanoparticles ~50 nm 
can be observed. (compare Fig. 2c and d) Note that a more sophisticated 
ptychographic reconstruction was needed to properly visualize the 
nanoparticles (compare Fig. S.6c and S.6d). Our measurements on 
sample A indicate that SP with a 1 μm spot size imparts about 3 times 
lower dose than STXM, performs the acquisition in a significantly 
shorter time (~1/3rd), provides better statistical precision, and much 
better spatial resolution.

Fig. 3 presents the component maps from the fitting analysis of the 
Cu 2p3/2 STXM and SP stacks. Fig. 3 a-c show the quantitative maps of 

the Cu, Cu2O and CuO distributions derived from the STXM stack, while 
Fig. 3 d-f presents the corresponding maps from SP. The results from 
both analyses are in good agreement. They indicate that the particles are 
mainly Cu2O with small amounts of Cu metal and CuO. There are also a 
few localized CuO particles. The SP composite maps are similar to those 
of STXM, both in terms of spatial distributions and quantitative thick
ness estimates. However, in the Cu2O component map measured by SP 
small Cu nanoparticles with size of ~ 50 nm and thickness ~10 nm can 
be clearly observed, while these are observed much less clearly in the 
STXM maps.

To confirm the SP mapping result, the spectra of Cu-rich, Cu2O-rich 
and CuO-rich regions were extracted by threshold masking the compo
nent maps and analyzed to verify the quantitative composition of each 
region (Fig. S-3). The results of the spectral fit results are consistent with 
the mapping fits (Fig. 3), confirming that Cu, Cu2O and CuO are the 
dominant species in the corresponding regions. Results from the 
spectral-domain analysis for each component and for both STXM and SP 
measurements are summarized in Table 2.

3.2. Comparing STXM and SP of Cu nanoparticles at CLS (sample B)

Fig. 4 compares color-coded composites of the Cu, Cu2O and CuO 
chemical maps derived from STXM (Fig. 4a) and SP (Fig. 4b) stacks of 
the electro-deposited Cu in sample B. The small size of the Cu nano
particles and better quality of chemical mapping show the advantages of 
the higher spatial resolution of SP (~20 nm), compared with STXM 
(~60 nm). Fig. 5 shows the component maps from the STXM (Fig. 5 a-c) 
and SP stacks (Fig. 5 d-e). The SP chemical maps show much finer detail 
than the STXM maps, resulting in higher chemical sensitivity. This is 
shown more clearly when one examines small areas of Fig. 5 where there 
are large changes in the chemical composition over a short distance - see 
Fig. S8,Section SI-9. In terms of chemical mapping and chemical sensi
tivity, SP clearly outperforms STXM. In addition, the results demonstrate 
the faster acquisition and lower radiation damage when the measure
ments are performed by SP than by STXM. The STXM stack took ~ 
300 min and delivered a radiation dose of 160 MGy. Although it 
imparted a larger dose (750 MGy), the SP stack took only 45 min.

We note that there are regular diagonal stripes over ~1/3rd of Fig. 4
a and Fig. 5b (above the dendritic structures at the bottom). This moiré 
pattern is an artifact of the CLS aSTXM system which is caused by 
beating between the frequency of the raster scan image measurement 
and a ~1 Hz oscillation of the incident X-ray intensity. Despite much 
effort to identify the source of the intermittent intensity oscillation, it 
has not been able to eliminate it and thus such stripes can appear when 
the incident flux oscillation occurs. Note that there is no trace of the 
modulation in the SP counterpart (Fig. 4b and Fig. 5e), which supports 
our interpretation and points to an additional advantage of SP over 

Fig. 3. Comparison of component maps derived from the STXM and SP stack fit 
of sample A. Component maps from STXM stack fit for (a) Cu, (b) Cu2O and (c) 
CuO. Component maps from SP stack fit for (d) Cu, (e) Cu2O and (f) CuO. The 
intensity scales show the thickness in nm.

Table 2 
Compositions of Cu, Cu2O and CuO rich regionsa of sample A from STXM and 
SPb.

Regions Volume percentage (%)

Cu Cu2O CuO

SP STXM SP STXM SP STXM

Cu rich 46 ± 5 49 ± 5 35 ± 4 26 ± 3 19 ± 3 15 ± 3
Cu2O rich 14 ± 3 9 ± 3 75 ± 8 79 ± 8 11 ± 3 12 ± 3
CuO rich 21 ± 3 7 ± 3 23 ± 3 45 ± 3 56 ± 6 48 ± 5

a. “Same areas” selected
b. The uncertainties combine statistical variation (±3 %) and estimated sys
tematic uncertainties. The latter was estimated by examining how the derived 
composition varied with slight but reasonable changes in the analysis procedure, 
such as (i) changing the set of pixels from which the Cu-rich, Cu2O-rich and 
CuO-rich were extracted and (ii) modifying the composition until a significant 
degradation of the match of the fit and the experimental spectrum could be 
observed (see Fig. S.3).
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STXM in cases where there are intensity modulations leading to periodic 
artifacts.

4. Discussion

4.1. SP vs. STXM: advantage SP

In this section we note the key reasons for using SP rather than 
conventional STXM. First is the quality of the result. The ptychography 
images and component maps for sample A measured at Synchrotron 
Soleil at the Cu L-edge (Figs. 2 and 3) and those for sample B measured 
at CLS (Figs. 4 and 5) show better spatial resolution (~12 nm in SP, 

versus ~55 nm for STXM at Soleil – see Fig S.7); better chemical 
sensitivity than STXM, and better statistical precision due to the much 
smaller pixel sizes in the reconstruction (5 or 10 nm in SP, versus 
30–40 nm in STXM). The improved chemical sensitivity is in part due to 
the improved spatial resolution, but also due to the finer spatial sam
pling (e.g., 5 nm in SP versus 20 nm for STXM for sample A) and better 
statistics of the ptychography.

In addition to better quality results, the SP stacks were measured in a 
shorter time than the corresponding STXM stacks. For sample A the 34 
energy Cu L3 SP stack took 40 m, versus 90 m for the same 34 energies 
measured by STXM; for sample B, the STXM and ptychography scans 
measured different sized areas and number of images. When corrected to 
the same number of energies and same area measured, the SP acquisition 
took 45 min versus 85 min for the equivalent Cu L3 STXM stack. In 
general, defocused SP measurements take less time to measure than 
STXM measurements over the same area, thus providing more infor
mation within a fixed elapsed time. If the STXM stack was measured 
with the same spatial sampling as achieved by ptychography (5 nm) the 
elapsed time and thus dose would be increased by a factor of 35.

Perhaps more crucially, defocus ptychography can deliver signifi
cantly lower radiation dose than STXM. The calculated doses (see SI-8) 
indicate that for sample A the SP dose was about 1/3rd of the STXM 
dose. For sample B, although the dose delivered by SP was higher 
(750 MGy) than the STXM dose (160 MGy), this was because a long 
dwell (310 ms /DI) was used. If the dwell used for sample B was the 
same as used for sample A (60 ms), the SP dose for sample B would be 
smaller (120 MGy) than the STXM dose (160 MGy). Since the same 
camera was used for the CLS and Soleil measurements, if the source 
brightness, beamline efficiency etc. were the same one should be able to 
use the same acquisition time / DI.

The reduced dose for ptychography measurements may surprise 
some readers. In early soft X-ray ptychography measurements [25] the 
dose for SP was much larger than for the corresponding STXM since a 
fully focused beam spot was used and the slits were opened to increase 
the incident flux by 1–2 orders of magnitude (~107 ph/s for STXM to 
~109 ph/s for SP) in order to achieve improved statistics at higher q 
(regions of the diffraction images far from the center). With use of 
defocused beam spots, as in this work, the dose is significantly reduced. 
In addition, in earlier work, due to use of slow read-out CCD cameras 
(1 s/image, but only 20 – 100 ms acquisition [46,51] and keeping the 
beam shutter open through the whole measurement time meant a very 
high dose. Acquisition options which can reduce dose while achieving 
similar quality results are very important in soft X-ray microscopy since 
radiation damage is a limiting factor in many soft x-ray 
spectro-microscopy studies [71,72]. Closing fast shutters except during 
the exposure time used to record each DI should be implemented.

These results, and many other examples (see Table S-1), clearly show 
ptychography routinely achieves significantly better spatial resolution 
than STXM. We do not claim that these results are the best SP can do in 
terms of spatial resolution. We also note that these samples are not 
optimal for a precise spatial resolution determination, as discussed in 
section SI-6. The best reported spatial resolution (full-period) in soft X- 
ray SP is 6 nm [25]. . Even if the ‘best ptychography’ is not achieved, a 
resolution improvement is invariably observed. Given the other ad
vantages – shorter time, lower dose, better statistical precision – it would 
seem obvious that SP should be the preferred mode for spectral-imaging 
rather than STXM.

4.2. SP vs. STXM: advantage STXM

Let us now consider the ways where SP and STXM differ, in order to 
(i) identify factors that presently discourage researchers from using SP, 
and (ii) identify ways whereby these barriers might be lowered, thus 
enabling more routine use of SP.

Fig. 4. Comparison of chemical mapping by STXM and SP of sample B. Color 
coded composite of Cu (red), Cu2O (green), and CuO (blue) component maps, 
derived from (c) the fit of a 92 energy Cu L3 STXM stack (~6 hrs) and (d) the fit 
of a 57 energy SP (spectro-ptychography) Cu L3 stack (~45 mins).

Fig. 5. Comparison of component maps of sample B derived from stack fits of 
the STXM (92 E) and SP (57 E). Component maps from STXM stack fit for (a) 
Cu, (b) Cu2O and (c) CuO. Component maps from SP stack fit for (d) Cu, (e) 
Cu2O, and (f) CuO. The intensity scales show the thickness in nm.
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4.2.1. Ease of use
While SP data sets can be acquired with significantly lower amounts 

of beam time than STXM, STXM provides interpretable results imme
diately, whereas there is usually a delay of many hours or even days to 
get real-space images from SP due to the reconstruction time needed. 
Thus, it is generally not practical to do initial navigation, focusing, and 
quality optimization using SP from the very start. Of course, the solution 
to this is to have rapid and reliable switching between conventional 
STXM and SP modes. This is the case at ALS [73], and CLS, and was 
recently implemented at Soleil. Significant progress has been made 
recently at the COSMIC beamline at ALS, such that it is now possible to 
perform ptychographic reconstructions in parallel with acquisition so 
that SP measurements can be monitored in quasi real-time.

4.2.2. Ptychographic reconstruction is ‘black-box’
Although the authors have used SP for many scientific studies (see 

references in SI-1), only a few of them have been directly involved in 
writing codes for ptychographic analysis. This will be the situation for 
most future users of SP. Our experience is that, while the expertize and 
guidance of the ptychography reconstruction experts is very much 
appreciated, the ability to be able to explore different reconstruction 
methods and parameter choices, is highly desireable to build user con
fidence in the robustness of the ptychography reconstruction. Unfortu
nately, it is often the case that the reconstruction is done by someone 
else, and that there is insufficient time or restricted access to the 
computational resources set up for reconstruction to really explore 
optimization of the many parameters involved. Frankly, the process is 
most frequently experienced as a painful & ‘puzzling’ ‘black-box’ pro
cedure. As the hardware gets more powerful, and the software and user 
interface more straightforward to use, this situation should improve. 
Standardization and assistance with implementing the ptychographic 
reconstruction packages on high-performance computing platforms 
would be a very helpful development.

4.2.3. SP amplitude signals differ from STXM transmission signals
In fact, SP is really a refractive index spectroscopy, not an X-ray 

absorption spectroscopy. Chemical information is actually contained in 
both the amplitude and phase signals. So far, this deeper understanding 
has not been explored to any great extent, although Farmand et al [32]. 
have shown that SP amplitude and phase signals can be processed 
simultaneously to considerable advantage. So far, some progress has 
been made with heuristic analysis of chemical signatures in the phase 
results by generating reference phase spectra, guided by the amplitude 
analysis [26,46,48], but it is very unlikely this approach will be robust, 
due to the strong impact of rapid structural changes on the phase signals 
[32]. It is also the case that samples with strong chemical signals but low 
scattering capability (e.g., single atom catalyst regions in Ni-MC cata
lysts [48]) are detected more easily in STXM than SP.

4.3. Progress to making SP more accessible and better integrated with 
STXM

Although soft X-ray SP shows many advantages relative to corre
sponding STXM, there are still many challenges which need to be 
overcome to make the technique more routine and more widely avail
able. These challenges include:

* difficult to apply over large areas (>10 μm) due to computational 
resource limitations at most facilities. While this really limits the ability 
to perform coarse navigation by SP, in fact a small FoV is typically 
needed to show the detail that the high resolution of SP can provide. In 
addition, it is possible to tile SP measurements of adjacent regions if high 
spatial resolution over large areas is required.

* often a ‘black box’ reconstruction may limit quality of results (see 
SI-5, Fig. S.6 for an example where a more sophisticated ptychographic 
reconstruction resulted in vastly improved results).

* Typically, the first step in many ‘black box’ recipes is binning. 

However, for strongly scattering samples, this can reduce spatial reso
lution. Similarly, it is common to restrict the q-range accessed either by 
truncating the DI or moving the detector farther downstream of the 
sample. Again, this can lead to a lower spatial resolution than could be 
achieved without restricting the q-range.

* Because the set-up and data processing for SP is more complex than 
conventional STXM it is difficult to use SP when other complexities of 
the experiment, such as in situ or operando devices, have to be achieved 
at the same time. We note that Bozzini and coworkers have pioneered 
the combination of SP and in situ/operando studies of electrochemical 
systems [74–76]. Our group has recently reported an in situ flow liquid 
electrochemical SP study of copper CO2 reduction electro-catalysts[49]. 
Given the challenges of both SP and in situ liquid electrochemistry 
individually, success of these types of complex experiments point to the 
steadily improving reliability and maturity of SP.

Some of these challenges have been relieved to a degree due to recent 
breakthroughs in soft X-ray SP instrumentation and techniques. These 
include:

• substantial reduction of the measurement time due to adoption of 
sCMOS rather than CCD cameras. sCMOS cameras can typically 
transfer megapixel images in 10’s of ms, as opposed to a typical ~1 s 
image transfer time for CCDs (exceptions exist);

• improved automation and speed of ptychographic reconstruction 
[39,62];

• extension of SP to lower photon energies, such as measurements 
below 500 eV [60,77];

• application of SP to in situ flow electrochemical studies of electro
catalysts [49,74–76].

• high-throughput SP for complex studies, such as determining the 
mechanism of the heterogeneous intercalation / de-intercalation 
reaction involved in LiFePO4 based lithium batteries [43,44]

• Recently Fe L-edge SP was combined with C 1s STXM results of an 
organic-organic interface in order to improve the combined spatial 
resolution [78].

4.4. SP and STXM: lowering the barriers

We note that Du et al [79]. have recently presented an alternate 
perspective on the benefits of using SP as a means to provide chemical 
imaging with minimal radiation damage. They showed that the extent of 
radiation damage is independent of the method that is used to measure 
ptychography, including measuring at the Fourier (near-field) or 
Fraunhofer (far-field) limits, use of focus or defocus spot, or considering 
either phase or amplitude. They point out that the radiation dose only 
depends on the fluence delivered to the sample and the X-ray absorption 
properties of the sample. In the abstract of that paper it is claimed: … (if 
the experiment and image reconstruction are done properly) the sample can 
be near or far; wherever you are, photon fluence on the specimen sets one limit 
to spatial resolution.”

If a lower degree of overlap can be used, the dose for SP would be 
greatly reduced since dose increases with the square of the overlap. 
Witwer and Modregger [80] have recently shown that the spatial 
overlap needed for reliable reconstruction can be significantly reduced if 
a real space image is used as the initial guess for the object. Although 
most reconstruction codes do not do this, for SP systems that use STXM 
as the platform, it is very straight forward to record a suitable STXM 
image before (or after) SP and use it as the initial guess for the object.

Machine learning methods (ML, “AI”) to ptychographic reconstruc
tion are starting to appear [81,82]. While making the data processing 
even more of a ‘black box’, ML methods will take advantage of prior 
successes in reconstruction, possibly leading to more robust ptycho
graphic reconstruction. Chang et al [83]. recently proposed and devel
oped code where there is simultaneous use of the information from all 
energies of an SP stack. This involved solving the blind X-ray 
spectro-ptychography problem, based on coupling the diffraction data 
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from each photon energy and iteratively retrieving the chemical map of 
the sample. Liu et al [84]. have presented a periodic-artifact suppressing 
algorithm (PASA) reconstruction which seems to remove raster-scan 
artifacts without necessitating alternative acquisition methods such as 
Fermi spiral scanning [85]. Use of multi-slice methods (i.e. more than 
one probe or object function displaced along the propagation axis) [86]
can be very helpful to deal with samples where the thickness is greater 
than the depth of focus or where there are variations of chemistry or 
morphology in the propagation direction.

4.5. On the origin of differences between sample A and sample B

The two samples we have investigated are candidate CO2 reduction 
electrocatalysts, prepared by slightly different methods. The significant 
differences in morphology and chemical composition can be related to 
the differences in the sample preparation. Sample A is an excellent 
example of the type of mixed Cu(0)/Cu(1) nanoparticles that are being 
extensively investigated by many groups as candidate electro-catalysts 
for CO2 reduction to C2+ products [15,47]. Sample B, made by a 
similar electrodeposition methodology, has a different structure with 
more Cu material and a much larger, complex set of dendritic growth at 
the edge of the working electrode (WE).The dendritic growth seems to 
be linked to use of different limits in the cyclic-voltammetry deposition 
protocol for Sample B (see Section 2.1.1), Understanding the control 
factors for determining morphology and chemical composition is an 
important and integral part of optimization of this system.

5. Summary

This paper has reported direct comparisons of STXM and SP in order 
to evaluate the relative merits of the two closely related techniques. The 
significant advantages of defocused SP relative to STXM were docu
mented. Relative to conventional STXM, SP can do all that STXM can do 
(and more), and do it faster, with better spatial resolution, better pre
cision, lower dose (& thus less damage) and provide similar chemical 
information. Based on steady improvement in cameras, acquisition 
strategy (e.g., Fermi spiral scans, which eliminate raster scan artifacts 
[80,84,85]), data management, processing computers and clusters 
(especially multi-CPU and multi-GPU systems), and improved algo
rithms, we expect that SP will ultimately come to dominate over con
ventional STXM, especially when the highest possible performance and 
lower radiation dose are needed.

We conclude that, where feasible, even today, it is better to use SP 
rather than STXM where appropriate (scan areas <10 μm; strong scat
terers). Improved support of general users to acquire and process ptycho 
data, both on-site, and remotely, and to have the ability to optimize the 
reconstruction and subsequent processing are needed if SP is to achieve 
its potential as a premier method of analytical soft X-ray microscopy. 
The authors hope that this article will encourage greater use of SP in the 
many application areas of soft X-ray microscopy, and also encourage 
more synchrotron radiation facilities to provide soft X-ray ptychog
raphy, especially the 4th generation facilities (diffraction limited storage 
rings [1]) that are currently operational, under construction or 
commissioning [52]). Indeed, increased use of SP is expected given (i) 
the importance of high brightness and coherence to successful pty
chography, and (ii) the huge investment in upgrades or new facilities 
using high brightness fourth generation technology.
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