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M AT E R I A L S  S C I E N C E

Disproportionation chemistry in K2PtCl4 visualized at 
atomic resolution using scanning transmission 
electron microscopy
Jacob G. Smith1,2†‡, Kaustubh J. Sawant3†, Zhenhua Zeng3*, Tim B. Eldred2§, Jianbo Wu1,4,5*, 
Jeffrey P. Greeley3, Wenpei Gao1,2,4*

The direct observation of a solid-state chemical reaction can reveal otherwise hidden mechanisms that control the 
reaction kinetics. However, probing the chemical bond breaking and formation at the molecular level remains 
challenging because of the insufficient spatial-temporal resolution and composition analysis of available charac-
terization methods. Using atomic-resolution differential phase-contrast imaging in scanning transmission elec-
tron microscopy, we have visualized the decomposition chemistry of K2PtCl4 to identify its transient intermediate 
phases and their interfaces that characterize the chemical reduction process. The crystalline structure of K2PtCl4 is 
found to undergo a disproportionation reaction to form K2PtCl6, followed by gradual reduction to crystalline Pt 
metal and KCl. By directly imaging different Pt─Cl bond configurations and comparing them to models predicted 
via density functional theory calculations, a causal connection between the initial and final states of a chemical 
reaction is established, showcasing new opportunities to resolve reaction pathways through atomistic experi-
mental visualization.

INTRODUCTION
Chemical reactions, converting reactant materials to new products, 
proceed by breaking and establishing bonds among atoms. The reac-
tions described by the reagents and end products can take different 
pathways characterized by various intermediate products and ele-
mentary steps. Each intermediate step has its own reaction rate and 
energy barrier, and therefore, understanding the kinetics of each step 
can offer insights to control or modify the overall reaction and design 
new materials with desired structures and properties (1). By merit of 
the transient nature of intermediate products, the reaction pathway 
cannot be determined only on the basis of the beginning and ending 
products using ex situ methods. Instead, investigations into the exis-
tence and characterization of a chemical process’ intermediate phas-
es should be performed using an in  situ method that mimics real 
world conditions to create a time-resolved description of the reaction 
(2, 3). Traditionally, chemical characterization studies are performed 
using a combination of diffraction and spectroscopic methods to 
identify the intermediate products (4–6). These studies can operate at 
fast timescales and on large sample volumes so that short-lived tran-
sient phenomena may be captured; diffraction and spectroscopy 
methods can also provide time-resolved information on the order of 
picoseconds (4, 7). However, at these large sampling volumes, events 

occurring at the single molecule or atomic scale can be lost to signals 
generated by the bulk of the material. These characterization tech-
niques also lack imaging capabilities. Because new, functional nano-
materials require precise manipulation at the atomic scale and, more 
importantly, the events occurring sporadically in the local domains 
are often found to be the initiation of a new reaction stage, the nucle-
ation sites of a new phase, or the cause of a catastrophic material 
failure (8–10), it is important to clarify chemical processes at the 
atomic scale using the combination of advanced imaging tools with 
theoretical calculation.

Aberration-corrected transmission electron microscopy (TEM) 
now offers to resolve static materials structures at the atomic level rou-
tinely. It is also possible to directly monitor the change in nanostruc-
tures under electron beam (11). The imaging electrons in TEM are 
capable of modifying samples through beam effects (12–18). This can 
often be desirable if the electron beam is intended to trigger a chemi-
cal reaction of interest. With the advancement of in situ environmen-
tal techniques to host a variety of reaction environments within the 
confines of TEM, in situ TEM has offered the direct visualization of 
the dynamic processes of nanoparticle catalyst during their growth, 
exposure to elevated temperatures (19, 20), galvanic corrosion (21, 22), 
and influence under surfactants (23, 24). Studies have also provided 
insight into the dynamics of self-assembling nanomaterials (25, 26). In 
particular, the strength of high spatial resolution of TEM for in situ 
experiments has been demonstrated in recent works to image solid-
state chemistry, including the thermally driven growth dynamics of 
MoS2 (27), the decomposition of halide perovskites under irradiation 
to form metallic nanoparticles (28, 29), and the formation of NaCl 
crystals and metal organic frameworks (30–33). However, very few 
studies look at the chemical reaction pathway during the nucleation 
and growth of metal nanoparticles (34). The existing research has 
overwhelmingly focused on nucleation in the liquid state to most 
closely imitate the solution-based approaches used to form engi-
neered nanoparticles (35–37), where individual precursor molecules 
and ions can hardly be visualized, because of their high mobility in 
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liquid environment. Consequently, this frustrates efforts to record the 
beginning of nucleation and the chemical reduction process required 
to obtain neutrally charged Pt atoms with high fidelity.

Thus, it becomes necessary to adopt a solid-state approach to in-
vestigate the chemistry of Pt nanoparticle formation from its chemical 
precursor. In the prior effort, the solid-state decomposition dynamics 
of the Pt precursor K2PtCl4 were visually resolved using conventional 
TEM (CTEM) (38). Although the images captured the formation of 
Pt nanoparticles at atomic resolution, a detailed change in the Pt─Cl 
bonding characteristics and the presence of various intermediate 
phases were not available. Phase determination and evolution were 
performed via power spectra, which is not well suited to recognize the 
presence of localized structures that correspond to scarcely distribut-
ed, site-specific intermediate phases. Determining the chemical spe-
cies via CTEM imaging can also be difficult because of the challenge 
in differentiating light and heavy elements using phase contrast. To 
overcome the former study’s limitations, we have characterized the 
entire solid-state chemical processes of the Pt precursor, K2PtCl4, us-
ing atomic-resolution scanning TEM (STEM) in combination with 
density functional theory (DFT) calculation–derived models. The use 
of high-angle annual dark-field (HAADF) STEM is beneficial because 
it provides much greater contrast between light and heavy elements 
via Z-contrast, which is critical to recognizing the center of Pt-Cl mol-
ecule species. In addition, in conjunction with HAADF-STEM, inte-
grated differential phase contrast (iDPC) permits the dose-efficient 
visualization of light elements, including Cl, C, N, O, and H, that are 
essential parts of a chemical species’ structure and necessary to fully 
understanding its dynamical interactions (39, 40). This set of imaging 
techniques has been demonstrated to be successful at efficiently cap-
turing dynamic processes featuring a combination of light and heavy 
elements (41, 42).

Thereby, we studied the decomposition of K2PtCl4, a precursor of 
Pt metal, and found that K2PtCl4 undergoes a disproportionation re-
action to form K2PtCl6 upon exposure to a strong source of electron 
radiation, contradicting the past understanding that Pt forms directly 
from [PtCl4]2−. After follow-up reactions that remove K+ and Cl− 
during the reduction of Pt to lower oxidation states, [PtCl4]2− emerges 
again and can move as a unit before Pt is lastly reduced to Pt0 and 
lands on the growing Pt nanoparticle. Direct imaging of the molecu-
lar configurations carrying different Pt─Cl bonds offers the visualiza-
tion of the entire reaction pathway.

RESULTS
Imaging the disproportionation reaction
We started with imaging K2PtCl4, which naturally forms salt crystal-
lites as it dries on a TEM grid (38). K2PtCl4 has a mixed nature con-
sisting of ionic and covalent bonds. The structure of K2PtCl4 can be 
simplified as an ionic compound consisting of K+ and [PtCl4]2− ions, 
so that the locations of the Pt and Cl atoms are codependent (43). The 
[PtCl4]2− ion is a square planar complex wherein a quartet of Cl atoms 
are arranged coplanar around a Pt2+ atom via a partially covalent and 
ionic bond (44). Both the bonding between the K+ and [PtCl4]2− and 
the bonding within the [PtCl4]2− ion can be easily broken by high-
energy electrons, making K2PtCl4 extremely sensitive to an electron 
beam. Visualization of the chloroplatinate ions as they decay into 
their Pt0 and Cl− components is necessary to obtain a complete 
understanding of the nucleation kinetics of Pt nanoparticle from 
K2PtCl4. Using the segmented dark-field detector to perform iDPC 

imaging (Fig. 1A) in combination with HAADF imaging in STEM, 
we image K2PtCl4 along the [100] zone axis (Fig.  1B) with all the 
atomic columns including Pt, K, and Cl clearly visible and identified 
as shown in Fig. 1 (C and D). Sensitive to electron radiation, K2PtCl4 
only requires a small electron dose to decompose. The delicate nature 
of K2PtCl4 is demonstrated in Fig. 2 (A to D) and movie S1. Under an 
electron beam, a new phase emerges within K2PtCl4 and proceeds to 
grow as the phase boundaries migrate until all of the K2PtCl4 is con-
sumed. The new phase, shown in Fig. 2 (G and H), is identified as 
K2PtCl6, a typical precursor compound with the Pt oxidation of 4+. 
The K2PtCl6 hosts Pt-Cl6 octahedra with a net charge of 2−, balanced 
by the two K+ ions, as shown by the structural model in Fig. 2I. Here, 
the transformation of K2PtCl4 to K2PtCl6 is a consequence of a dispro-
portionation reaction mediated by the electron beam. This dispropor-
tionation reaction merges a set of two [PtCl4]2− ions into a single 
[PtCl6]2− ion to release a neutral Pt atom and two Cl− ions in accor-
dance with the following stoichiometry

DFT calculations predict that the thermodynamic energy difference 
at 0 K for the disproportionation reaction is 0.05 eV/formula unit. 
During an electron-scattering event, the electrons usually transfer 
several electron volts of energy via knock-on damage or radiolysis, 
which easily overcomes the energy difference as well as activation bar-
rier required to permit this reaction (12). Because knock-on damage 
can remove atoms from the sample rather than breaking the bonds 
between atoms, the observed decomposition process is more a result 
from radiolysis. As shown in Eq. 1, throughout this phase transforma-
tion, Pt atoms are free from their chloroplatinate molecules so that the 
Pt nanoparticle nucleation and growth can begin. The formation of Pt 
nuclei is random so that nucleation can occur anywhere within the 
irradiated volume of the precursor. In the complete HAADF and 
iDPC image series showing the phase transition (figs. S1 and S2 and 

2{2K++ [Pt(II)Cl4]
2−}→{2K++ [Pt(IV)Cl6]

2−}+Pt(0)+2KCl

(1)

Fig. 1. TEM experimental design. (A) A schematic of the in situ experimental de-
sign depicting the acquisition of HAADF and iDPC images along the [100] zone axis 
of K2PtCl4. (B) An atomic model of K2PtCl4. (C and D) The experimental (left) and 
simulated (right) STEM images of K2PtCl4 as acquired via a (C) HAADF or (D) seg-
mented detector.
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movie S1), the boundary between K2PtCl4 and K2PtCl6 (Fig. 2, E and 
F) is abrupt without an amorphous transition region. The benefit of 
using a combination of HAADF and iDPC is demonstrated in these 
images: The Z-contrast provided by HAADF has allowed for the easy 
identification of the Pt atom at the center of the chloroplatinate ions; 
the iDPC has provided the location of the faint Cl and K columns. 
Unlike the parent phase, the intermediate product, K2PtCl6, may sus-
tain higher electron dose, and the image can have a higher signal-to-
noise ratio, as demonstrated in Fig.  2 (G and H). The existence of 
K2PtCl6, and its interface with K2PtCl4 has also been confirmed 
through the careful analysis of atomic-resolution images taken from 
multiple zone axes (fig. S3). Beyond matching the apparent plan view 
appearance of the images to the theoretical phase (45), measurements 
of the K2PtCl6 lattice parameters along the [110] and [310] zone axes 
have been obtained, as presented in table S1 (46).

The disproportionation reaction involves the redistribution of 
charge between the two Pt atoms. This proposed radiation induced 
chemical reaction path explains the radiation sensitivity of K2PtCl4 
and more durable nature of K2PtCl6. Pt does not typically adopt 
higher charges than a Pt4+ state, so degradation beyond this point will 

generally rely on severing the Pt─Cl bonds. This phase change also 
results in a new crystalline symmetry; K2PtCl6 is part of the Fm3m 
space group rather than the P4/mmm space group of K2PtCl4. K2PtCl6 
has a lattice parameter expansion along C compared to K2PtCl4. The 
presence of this reaction explains the source of the free Pt atoms in-
volved in the initial nucleation of Pt nanoparticles.

Bond breaking in K2PtCl6
Shown in movies S2 and S3 and figs. S4 and S5, during the reduction 
of K2PtCl6, a comparably slow process principally dependent on the 
severing of Pt─Cl bonds, the positions of Pt and Cl atoms in K2PtCl6 
show variations in the Pt─Cl bond angles. The initial and modified 
bond configurations are demonstrated in Fig. 3 (A and B). The evolu-
tion of the representative bond angles is presented in a time series 
(fig. S6). To relate the bond angle change in experiments with the re-
moval of Cl and K atoms or a pair of K-Cl atoms, we modeled the lo-
cal lattice distortions associated with the removal of atoms from the 
exposed (101) surface of K2PtCl6 using DFT. The DFT relaxed struc-
tures and their associated iDPC image simulations for can be found in 
figs. S7 to S9.

Fig. 2. The disproportionation of K2PtCl4 into K2PtCl6. (A to D) HAADF-STEM image series capturing the disproportionation of K2PtCl4 into K2PtCl6. The interface be-
tween the phases is outlined. Each frame is acquired over roughly 0.8 s with an electron dose of approximately 900 e−/Å2. (E and F) Experimental (E) HAADF and (F) iDPC 
STEM images of the interface between K2PtCl4 and K2PtCl6 along the [100] zone axis of K2PtCl4. Images acquired with an electron dose of approximately 3600 e−/Å2. 
Simulated images are provided in insets, and the atomic models are overlaid. (G and H) Experimental (G) HAADF and (H) iDPC images of K2PtCl6 along the [110] zone axis. 
Simulated images are provided in insets, and an atomic model is overlaid. The images are composed of 10 aligned frames for a total electron dose of approximately 
36,000 e−/Å2. (I) Atomic model of K2PtCl6.



Smith et al., Sci. Adv. 10, eadi0175 (2024)     9 February 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

4 of 9

In experiments, the bond angle change is measured by the devia-
tion of Cl and Pt atom positions from the coplanar Cl─Pt─Cl bonds 
along the equator of the [PtCl6]2− octahedra. In Fig. 3C, the Cl─Pt─Cl 
bonds across the equatorial plane appear to be bowing, with the 
Cl─Pt─Cl bond angle measured to be between ~130° and 135°. From 
the DFT results, this change results from the removal of a single neu-
tral Cl atom from the PtCl6 octahedra, documented in Fig. 3E and 
fig. S7. In Fig. 3D, the simulated HAADF-STEM image of the atomic 
structure model matches closely with the experimental image. In this 
instance, the Cl atom is removed from the plane perpendicular posi-
tion. DFT calculations find that this mode of decomposition results in 
the reduction of the Pt atom into a 3+ state because the Cl is cleaved 
as a radical in DFT calculations. If the Cl atom is removed from the 
Pt-Cl4 equatorial plane, then DFT predicts no disturbance to the 
Cl─Pt─Cl bond angle. DFT calculations do not predict a preferential 
Cl removal site. The energy required to remove Cl from equatorial or 
plane perpendicular position is almost the same (∆E < 1 meV/Å2). 
Similarly, the energy required to removal a Cl atom from the surface 
is not meaningfully distinct from the bulk. Hence, along the [110] 
zone axis of K2PtCl6, this mode can only be detected when an out-of-
plane Cl atom is removed. Experimental observations demonstrate 
that the [PtCl5]2− molecule is a transient state. In both example series 
(fig. S10, A and B), the symmetry break is only present for a single 
frame before adopting an appearance similar to a typical [PtCl6]2− oc-
tahedra. This transient behavior is confirmed by DFT, which predicts 

that the energy required to further reduce the molecule to [PtCl4]2− is 
negligible compared to the energy required to remove the first Cl 
(∆E < 1 meV/Å2).

In Fig. 3F, the image captures a splitting in the Cl column with two 
distinct peaks emerging at a ~36° angle from the central Pt atom. On 
the basis of the DFT-calculated structure, this more asymmetric 
appearance results from the decomposition path where the K+ and 
Cl− ion pair is removed (Fig.  3H). Figure  3G shows the simulated 
HAADF-STEM image based on the atomic model. With a Cl atom 
missing in the plane perpendicular position, the [PtCl5]− molecule 
rotates away from the missing K+ ion. This process does not change 
the Pt oxidation state from 4+. The remaining planar perpendicular 
Cl atom is also expected to be tilted away from the original axis, but 
this is difficult to observe along the [110] zone axis of K2PtCl6 because 
of the plane perpendicular site’s overlap with the K columns. A DFT 
structure for the removal of a Cl atom in a Pt-Cl4 equatorial plane and 
an adjacent K atom is available in fig. S8. This configuration is pre-
dicted to tilt the apparent molecular equatorial plane with asymmet-
ric Cl column broadening.

It is experimentally challenging to identify the removal of two Cl 
atoms from the [PtCl6]2− octahedra. On the basis of DFT calculations, 
removing two Cl atoms will result in the formation of a [PtCl4]2− mol-
ecule, bringing the Pt atom to a 2+ charge state. If the Cl atoms 
are taken from the plane perpendicular positions, then the resulting 
square planar PtCl4 structure is expected to be experimentally 

Fig. 3. The reduction of K2PtCl6. (A and B) HAADF (left) and iDPC (right) STEM images demonstrating the decomposition of K2PtCl6 along its [110] zone axis. Each image 
is an aligned and summed series of 10 frames acquired over roughly 0.8 s with an electron dose of approximately 3600 e−/Å2 per frame. (C) An iDPC image series of a 
[PtCl6]2− molecule losing a single Cl atom. (D and E) The (D) iDPC simulation and (E) atomic model of the DFT-derived structure of K2PtCl6 with a missing Cl atom in the 
plane perpendicular position. (F) An iDPC image series of K2PtCl6 losing a KCl pair. (G and H) The (G) iDPC simulation and (H) atomic model of the DFT-derived structure of 
K2PtCl6 with a missing KCl pair. A Gaussian blur has been applied to the single-molecule iDPC series. (I) iDPC series and (J) atomic models depicting the rotation of a PtCl6 
molecule to show its additional Cl atom sites.
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identical to an octahedral PtCl6 molecule without introducing sub-
stantial lattice distortions (see fig. S9). Alternative Cl atom removal 
sites can be considered, but the square planar configuration is the 
most stable. In the event two Cl atoms were removed from the equato-
rial plane, the remaining Cl atoms within the plane would appear to 
be slightly further from the Pt atom.

Therefore, from both experiments and DFT calculation, three 
paths of Cl atom removal are visualized and described: (i) the remov-
al of a neutral Cl atom, (ii) the removal of a K+ and Cl− ion pair, and 
(iii) the removal of two Cl atoms. The visual appearance of the PtCl6−x 
molecule in the paths depends on its local K+ cage and the missing Cl 
atom sites; specifically, the Cl atom(s) can be missing from the Pt-Cl4 
equatorial plane or the perpendicular out-of-plane sites.

Note that experimental images and DFT calculations indicate that 
the [PtCl6]2− octahedra are initially disrupted by the severing of 
Pt─Cl bonds to form a [PtCl5]x− (x  =  1, 2) intermediate product, 
wherein the decomposition mode and Pt charge state are visually 
determinable by localized molecular distortions. The removal of an 
additional Cl atom is expected to result in the formation of square 
planar [PtCl4]2− molecules that will appear indistinguishable from 
any neighboring [PtCl6]2− molecules. The presence of multiple 
[PtCl4]2− molecules within the lattice presents the possibility of a cy-
clic disproportionation process. If these molecules are adjacent to 
each other, then they could react to produce a [PtCl6]2− molecule. 
DFT calculations have compared the energy favorability of cyclic dis-
proportionation to radiolysis. Under ambient conditions, there is a 
strong preference for disproportionation over radiolysis (fig.  S11). 
Consequently, it is unlikely that any chloroplatinate molecules with 
fewer than four Cl bonds will be observed until the disproportion-
ation process is no longer possible. This event becomes likely once the 
remaining molecules have become rarified. The disruption of the lo-
cal K2PtCl6 configuration also causes changes of the lattice nearby; 
[PtCl6]2− can move and rotate. Figure 3 (I and J) shows the rotation of 
[PtCl6]2− captured by the atomic-resolution images.

These insights into the chemical decomposition of K2PtCl6 permit 
the description of a cyclic disproportionation process that expe-
dites the release of Pt atoms without the need for PtClx (x = 1, 2, 3) 
intermediate products. Hence, few, if any, free Pt atoms are produced 
directly through the random severing of Pt─Cl bonds. Rather, the 
loss of Cl atoms permits a [PtCl6]2− molecule to be converted into 
[PtCl5]x− (x = 1, 2) and eventually [PtCl4]2−. Once two nearby 
[PtCl4]2− molecules are created, they can be consumed in the dispro-
portionation reaction, thereby liberating a Pt atom. These Pt atoms 
may then join an existing Pt nanoparticle through a diffusion process. 
The KCl generated throughout this process is similarly sequestered to 
planar KCl sheets nucleated on the surface of the K2PtCl6 precursor 
(see fig. S12 to S15 and the Supplementary Materials for additional 
information). The majority of the K2PtCl6 reduction process can 
therefore be described using the following set of stoichiometries

The Pt nucleation
The solid-state reduction dynamics of K2PtCl4 are responsible for 
controlling the nucleation and growth kinetics of the resulting Pt 
nanoparticles. These dynamics result in three separate rates of Pt re-
lease from the precursor. The first regime is the initial release of Pt 
when the pristine K2PtCl4 precursor undergoes a fast disproportion-
ation reaction to produce K2PtCl6. From stoichiometry, it is expected 
that a full half of the potential Pt atoms are made available to form Pt 
nuclei in this first stage. This process was directly captured in movie 
S1. Figure 4 (A to C) provides a demonstration of the events immedi-
ately following Pt nucleation. In Fig. 4A, the disproportionation reac-
tion has just completed to leave behind a cluster of small Pt nuclei 
roughly 1 nm in diameter. As the reaction proceeds in Fig. 4 (B and 
C), the nuclei coalesce to form a single Pt nanoparticle. The coales-
cence of nanoparticles has no particular orientation preference, and 
nanoparticles can easily reorient themselves as they expand.

The second kinetics regime is the cyclic disproportionation pro-
cess that gradually removes Pt from K2PtCl6. The limited concentra-
tion of [PtCl4]2− ions limits the Pt release rate. Consequentially, Pt 
nucleation is not typical. Instead, the existing Pt nanoparticles will 
capture the newly released Pt and grow until the nearby K2PtCl6 
precursor is exhausted. This process is shown in Fig. 4 (D to G). Start-
ing from Fig. 4D, crystalline K2PtCl6 can be found adjacent to a Pt 
nanoparticle. By comparing the HAADF and iDPC images, it is 

2 [Pt(IV)Cl6]
2−

→ 2 [Pt(III)Cl5]
2− + Cl2(g) (2)

2 [Pt(III)Cl5]
2−

→ 2 [Pt(II)Cl4]
2− + Cl2(g) (3)

(4)

Fig. 4. The growth kinetics of Pt nanoparticle during K2PtCl4 reduction. (A to C) 
The rapid disproportionation of K2PtCl4 results in fast Pt nucleation and coales-
cence kinetics demonstrated via HAADF-STEM images acquired along the [120] 
zone axis of K2PtCl6. Each frame is acquired over roughly 1.6 s with an electron dose 
of approximately 7200 e−/Å2. (A) The initial Pt nuclei shortly after the beginning of 
disproportionation reaction. (B) and (C) The coalescence of small Pt nuclei into a 
single nanoparticle. (D to G) The cyclic disproportionation and eventual rarified re-
duction of K2PtCl6 result in slow Pt nanoparticle growth kinetics so that the 
nanoparticle can be seen growing on an atom-by-atom basis. Each frame is ac-
quired over roughly 0.8 s with an electron dose of approximately 3600 e−/Å2. 
(D) HAADF (left) and iDPC (right) images demonstrating a Pt nanoparticle coinci-
dent against the [110] zone axis K2PtCl6 precursor. The [PtCl6]2− ions are circled for 
emphasis. (E) to (G) Without the nearby K2PtCl6 lattice, the nanoparticle grows 
slowly by absorbing rarified Pt metal atoms.
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apparent that the K2PtCl6 precursor lattice overlaps the Pt nanoparti-
cle. As the precursor is reduced, the Pt nanoparticle grows substan-
tially and gradually over time.

If there is a directional bias in the flow of Pt atoms, the adjoining 
Pt atoms on the nanoparticle surface can follow a kinetically con-
trolled layer-by-layer growth process. In Fig. 4 (D to G), such a pro-
cess leads to the anisotropic growth along Pt <111>, so the Pt 
nanoparticle adopts a nanorod morphology. Although there is no 
universal orientation relationship between Pt and K2PtCl6 in all re-
gions, the nanoparticle in Fig. 4D and precursor lattice are aligned, so 
that the nanoparticle grows along its [111] direction and follows 
([110]K2PtCl6

∥ [121]Pt)⊥([001]K2PtCl6
∥ [111]Pt) . It should be empha-

sized that the formation of a crystallographic relationship between the 
burgeoning Pt nanoparticles and degrading K2PtCl6 lattice is not a 
consistent feature, but specific orientation relationships may influence 
the growth trajectory of Pt nanostructures. A similar orientation rela-
tionship exists between K2PtCl6 and KCl, which causes the KCl to 
adopt a planar sheet morphology (see figs. S12 to S15).

The final kinetics regime of Pt nanoparticle growth occurs once 
the crystalline precursor is exhausted and only rarified PtClx mole-
cules remain. Because of the much higher distance between PtClx 
molecules at this point, Pt atom release is unlikely to occur though a 
disproportionation process. Instead, the various PtClx, x = (1, 2, 3), 
states will need to be reduced through the gradual severing of bonds. 
This will result in further Pt nanoparticle growth after the K2PtCl6 
precursor lattice is depleted. If this final stage is not completed, then 
Pt-Cl molecules are expected to migrate as adatoms on the nanopar-
ticle surfaces.

DISCUSSION
In this study, by expanding the imaging capability of electron micros-
copy to the investigation of intermediate products in solid-state 
chemical reactions, the electron radiation induced chemical reduc-
tion of K2PtCl4 has been successfully visualized. This chemical 
reaction and its associated Pt release kinetics have been summarized 
in Fig. 5. Initially, the precursor exists as pure K2PtCl4. Under electron 
beam irradiation, the [PtCl4]2− ions will disproportionate into 
[PtCl6]2− and release neutral Pt atoms and K+ and Cl− ion pairs. The 
Pt atoms will quickly form the initial Pt nuclei. As disproportionation 
completes, the Pt nuclei will coalesce to form nanoparticles while the 
K+ and Cl− ions find favorable sites on the K2PtCl6 lattice to form a 
planar sheet of KCl. Once the initial K2PtCl4 precursor chemical is 
expended, the precursor lattice will have been converted to K2PtCl6 
that is subsequently reduced through a cyclic process of dispropor-
tionation. As this occurs, the [PtCl6]2− ions will be reduced into a 
transient [PtCl5]1,2− molecule before further reduction to [PtCl4]2−. 
In this intermediary stage, the asymmetrical Pt─Cl bond configura-
tions, deviating from the initial [PtCl6]2− octahedra, are captured by 
atomic-resolution STEM imaging. Upon the creation of multiple near-
by [PtCl4]2− ions, the disproportionation reaction will occur to reset the 
cycle and grow the Pt nanoparticles and KCl lattice. This will continue 
until the K2PtCl6 lattice is almost completely depleted, until there are no 
remaining densely populated regions. As the precursor becomes rari-
fied and incapable of undergoing disproportionation, large Pt nanopar-
ticles with PtClx adatoms will have formed. Once the reaction is 
complete, the Pt nanoparticle surfaces will be free of Pt-Cl adatoms.

The observations in this work may be compared against previous 
studies in the literature performed using conventional techniques. 

Historically, the decomposition of K2PtCl4 has been studied using 
spectroscopic methods (47, 48). In an aqueous pulse radiolysis study, 
the reduction of [PtCl4]2− was described as a complex process that 
transitions through unstable Pt (I) and (III) oxidation states that ter-
minate through disproportionation reactions before eventually ob-
taining Pt(0) (48). Conversion to an odd oxidation state was believed 
to be mediated by OH, H, or e− radicals within the solution. This 
confirms that disproportionation reactions are expected to be a typi-
cal feature in the chemical reduction of chloroplatinate molecules. 
However, the presence of radicals within the aqueous solution are 
involved in the process. The most directly comparable experiment to 
this study has been an investigation of the effect of gamma radiation 
on solid-state K2PtCl4 using electron spin resonance spectroscopy 
(47). Although the spectroscopic study did not provide a complete 
description of the chemical reduction process, it did critically con-
firm the existence of a transient Pt (III) state in the absence of 
solution-derived radicals. In addition, it showed that Cl atoms re-
moved via radiolysis can be charge neutral. Together, these studies 
demonstrate that the oxidation of Pt4+ to produce a K2PtCl6 interme-
diate phase through a disproportion reaction occurs in the chemical 
reduction of K2PtCl4.

Note that for in situ electron microscopy studies, electron beam–
induced sample damage can hide the real dynamics of a chemical 
reaction. Thus, care must be taken when investigating chemical re-
actions via in situ TEM. For the process presented in this work, it is 
abundantly clear that high-energy radiation can trigger the decom-
position of K2PtCl4 (47–49). However, the nature of this decomposi-
tion may vary depending on the precursor’s environment and the 
mediating radiation. It is generally known that the electron beam 
is capable of severing chloride bonds (50,51). In this work, the primary 
decomposition mechanisms associated with electron radiation that 

Fig. 5. The decomposition dynamics of K2PtCl4 and the corresponding Pt nu-
cleation and growth kinetics. (A) The radiation-driven reduction of K2PtCl4 begins 
by converting K2PtCl4 to K2PtCl6 through a disproportionation process. The rapid 
release of neutral Pt atoms causes substantial Pt nanoparticle nucleation. (B) The 
reduction of K2PtCl6 principally proceeds through a cyclic disproportionation pro-
cess. Electron radiolysis breaks the PtCl6 molecules into PtCl5 and PtCl4. If sufficient 
PtCl4 is available, then it preferentially undergoes a disproportionation reaction 
instead of proceeding to PtCl3. This process causes the slow release of neutral Pt 
that grows the existing Pt nanoparticles. (C) At the end of the reaction, any rarified 
PtClx molecules are reduced through electron radiolysis.
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are considered include knock-on damage and radiolysis (12, 52). 
Knock-on damage directly removes an atom from the lattice through 
physical displacement. This process is dependent on the maximum 
energy transferred to the given atom and varies by species (12). For 
Cl, K, and Pt, this is 14.8, 13.4, and 2.7 eV, respectively, for 200-keV 
electrons. The considerable mass difference between Cl, K, and Pt 
indicates that knock-on damage will most frequently affect the Cl 
and K atoms. Alternatively, the electron beam may also promote and 
expel electrons within the atoms thereby breaking bonds through 
the process of radiolysis. For a semiconductor such as K2PtCl4, these 
electrons could come from either the valence or inner-shell elec-
trons (52). Valence electrons can be promoted into the conduction 
band, resulting in the severing of atomic bonds with the energy 
transfer of only a few electron volts. Conversely, expelling the inner-
shell electrons requires far more energy (typically on the order of at 
least hundreds of electron volts). It is known from ultraviolet radia-
tion synthesis that K2PtCl4 requires at least a minimum wavelength 
of 420 nm to decompose without a catalyst, corresponding to a ~3 eV 
or greater barrier to photoreduction (49). This barrier is quite easily 
bridged via the electron beam, which could demonstrate a possible 
similarity between the two forms of radiative decomposition.

The utilization of both HAADF-STEM and iDPC has proven in-
strumental in completely characterizing the reduction chemistry of 
K2PtCl4 beyond what was accomplished in the prior work (38). The 
Z-contrast provided by HAADF was the first and clearest indication 
of the nature of the K2PtCl4 to K2PtCl6 phase transition by unambigu-
ously differentiating the Pt columns from the K and Cl. Furthermore, 
the iDPC was also necessary to image light elements so that the vary-
ing Pt─Cl bond angles could be resolved. The utilization of phase 
contrast alone can lead to ambiguity in complex transient regions or 
alone certain zone axes such as the [001] of K2PtCl4, wherein the 
structural changes are less easily observed. By using both image for-
mation mechanisms and comparing the resulting images, it was pos-
sible to observe and describe the initial, intermediate, and ending 
chemicals in a reaction at the atomic level. The method developed in 
this work can easily be translated to study more complex solid-state 
reactions.

MATERIALS AND METHODS
Materials and sample preparation
To prepare the TEM sample of crystalline K2PtCl4, powdered K2Pt-
Cl4 was dissolved in deionized water and drop casted onto a 3-mm 
holey carbon TEM grid. The drop of solution coating the grid was 
then allowed to dry in air to promote effective crystallization.

TEM image methods
All TEM experiments in this in  situ study were performed on an 
aberration-corrected FEI Titan scanning transmission electron mi-
croscope operated at 200 kV. STEM images are taken using a semicon-
vergence angle of 17.9 mrad at an electron current of approximately 
10 pA. Images were acquired within the FEI Velox suite using a com-
bination of the HAADF and a four-segment annular dark field (ADF) 
detector. The segmented ADF data were recorded as a set of images 
corresponding to the difference between opposite segments. These 
data were then used to create iDPC images in accordance with the 
theory described by Lazic (39). The microscope was configured so that 
the HAADF and DF4 detectors covered a range of 39 to 200 and 9 to 
36 mrad, respectively.

Data processing and STEM image simulation
Various forms of image processing have been used to improve the in-
terpretability and clarity of the data. All iDPC images have been 
processed through a high-pass Fourier filter to eliminate noise. A 
Gaussian filter has been applied to all HAADF images unless other-
wise noted in figure legend text. In addition, the image series have 
been aligned to permit the combination of multiple images to im-
prove the signal-to-noise ratio (53).

Multislice simulation of STEM image were carried out using Dr. 
Probe with the parameters adjusted according to the experimental 
settings of acceleration voltage, probe convergence angle, and detec-
tor collection angles. One hundred frozen phonon configurations 
were used (54). The iDPC simulations of the DFT relaxed structures 
depicted in figs. S7 to S9 were performed in the following manner. 
As appropriate, the K and Cl atoms were removed from the surface of 
the structure before DFT relaxation. A pristine layer of K2PtCl6 exists 
beneath the modified layer with the removed atom(s). iDPC simula-
tions were performed with and without the inclusion of the pristine 
K2PtCl6 layer. The layers included in each iDPC simulation are de-
noted in figs. S7 to S9 along with atomic models showing the top and 
side views of the structure, which also highlight the location of the 
missing atoms. Every layer of the structure considered in the simula-
tions is 7 Å thick.

DFT calculations
The DFT calculations were performed using Vienna Ab Initio Sim-
ulation Package (VASP) (55, 56). The core electrons were modeled 
using projector augmented wave potentials (57). The Perdew-
Burke-Ernzerhof functional, which is a form of generalized gradi-
ent approximation was used, and the energy cutoff of the planewave 
basis were set to 500 eV (58). The Monkhorst-Pack k point scheme 
was used for all the calculations. The bulk unit cells for Pt, KCl, 
K2PtCl4, and K2PtCl6 were obtained from the Materials Project da-
tabase (59). The relaxed K2PtCl6 bulk unit cell was cut along the 
(101) direction to make a four-layer-thick slab. Each unit cell was 
initially comprised of eight PtCl6 molecules and their associated 
K+ cations. The defects were created by removing Cl, Cl2 and KCl 
units from the surface, and all the possible structures were exhaus-
tively numerated. For each defect condition, Cl atoms are only re-
moved from a single PtCl6 molecule on the (101) surface plane. 
The oxidation state of Pt was determined using Bader charge anal-
ysis described by Henkelman et al. (60) The Bader charge values of 
slab structure were normalized using Bader charges of bulk com-
pounds with known oxidation states.
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