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ABSTRACT: Graphdiyne (GDY) has been considered as an
appealing anode candidate for K-ion storage since its triangular
pore channel, alkyne-rich structure, and large interlayer spacing
would endow it with abundant active sites and ideal diffusion paths
for K-ions. Nevertheless, the low surface area and disordered
structure of bulk GDY typically lead to unsatisfied K storage
performance. Herein, we have designed a GDY/graphene/GDY
(GDY/Gr/GDY) sandwiched architecture affording a high surface
area and fine quality throughout a van der Waals epitaxy strategy. As
tested in a half-cell configuration, the GDY/Gr/GDY electrode
exhibits better capacity output, rate capability, and cyclic stability as
compared to the bare GDY counterpart. In situ electrochemical
impedance spectroscopy/Raman spectroscopy/transmission electron
microscopy are further applied to probe the K-ion storage feature
and disclose the favorable reversibility of GDY/Gr/GDY electrode during repeated potassiation/depotassiation. A full-cell
device comprising a GDY/Gr/GDY anode and a potassium Prussian blue cathode enables a high cycling stability,
demonstrative of the promising potential of the GDY/Gr/GDY anode for K-ion batteries.
KEYWORDS: graphdiyne, graphene, sandwiched carbonaceous architecture, anode, potassium-ion battery

INTRODUCTION

Due to the growing demand for electricity grids and electric
equipment, it is urgent to explore second batteries to store
energy from renewable resources, such as sunlight, wind, rain,
tides, and waves.1−4 Lithium-ion batteries (LIBs) have been
widely regarded as one of the most promising candidates
owing to high energy density.5 Nevertheless, the development
of LIBs has been greatly hampered by the limited reserve and
uneven distribution on Earth for lithium resource.2,6 Therefore,
it is imperative to find an alternative battery system with
comparable performance to LIBs.7

Recently, potassium-ion batteries (PIBs) have attracted wide
attention and have been considered as an appealing system for
the next-generation energy storage because of their special
features: low redox potential of K/K+, high energy density, low
cost, and practically inexhaustible of potassium resource (1.5
wt % in the Earth’s crust).8−12 However, the relatively large K+

radius (1.38 Å, almost 1.82 times larger than Li+) would cause
tremendous volume expansion during the repeated K+

insertion/extraction in/from the electrodes, leading to poor

rate performance, inferior cyclic stability, and insufficient
power density.13−15 Therefore, designing suitable electrode
materials with a durable structure is necessary to accommodate
the large volume expansion in PIB anodes.16,17

Graphdiyne (GDY), a recently developed two-dimensional
(2D) carbon allotrope, consists of sp and sp2 hybridized
carbon atoms.18−20 The special structure enables GDY with
fascinating structural, physical, and chemical properties,
including regular in-plane pores,21,22 large interlayer distance,23

and good conductivity.24 This ultimately renders GDY a
promising candidate for electrode material in energy storage
devices encompassing LIBs,25−27 Li−S batteries,28,29 sodium-
ion batteries.30,31 Recently, GDY has been predicted to be an

Received: December 7, 2021
Accepted: January 24, 2022
Published: January 28, 2022

A
rtic

le

www.acsnano.org

© 2022 American Chemical Society
3163

https://doi.org/10.1021/acsnano.1c10857
ACS Nano 2022, 16, 3163−3172

D
ow

nl
oa

de
d 

vi
a 

PE
K

IN
G

 U
N

IV
 o

n 
M

ar
ch

 1
9,

 2
02

2 
at

 0
8:

27
:1

2 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiaqiang+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuyang+Yi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xintao+Zuo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bingbing+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhihua+Xiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruqian+Lian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ya+Kong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lianming+Tong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lianming+Tong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruiwen+Shao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingyu+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jin+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.1c10857&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c10857?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c10857?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c10857?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c10857?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c10857?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/16/2?ref=pdf
https://pubs.acs.org/toc/ancac3/16/2?ref=pdf
https://pubs.acs.org/toc/ancac3/16/2?ref=pdf
https://pubs.acs.org/toc/ancac3/16/2?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.1c10857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf


ideal anode material for PIBs with a specific capacity of 620
mAh g−1, which is conspicuously higher than that of graphite
(278 mAh g−1).32,33 The enhanced capacity stems primarily
from the large interlayer distance (0.365 vs 0.335 nm of
graphite) of GDY. Moreover, the abundant alkyne groups not
only afford strong interaction between K+ and GDY but also
provide massive K+ adsorption sites (C3.6K of GDY vs C8K of
graphite) as well as ideal transport channels.32,34 Despite these
advances, the experimental studies for GDY-based PIB is still
in its infancy.11,32 One of our previous investigations
experimentally demonstrated the feasibility of bulk GDY
used as an anode material for PIB. A relatively low reversible
capacity was harvested, which was unsatisfactory as compared

to the theoretical capacity of GDY.32 Such a mediocre
performance might stem from the low specific surface area
(SSA, 42 m2/g) and disordered structure of the employed bulk
GDY possessing thick layers and heavy aggregation.35 To
obtain an applicable GDY material with competitive PIB
performance, a rational production strategy is necessary to
prepare a tailored GDY structure with desirable composition,
size, thickness, and surface property.
Herein, a GDY/graphene/GDY (GDY/Gr/GDY) sand-

wiched architecture is devised throughout a van der Waals
(vdW) epitaxy adopted from our previous work,18,35 in which a
thin GDY film harnessing a high SSA is formed on dual sides of
chemically exfoliated graphene sheets. Accordingly, the GDY/

Figure 1. Synthesis and characterization of GDY/Gr/GDY sandwiched architecture. (a and b) Schematic illustration of the synthesis of
GDY/Gr/GDY throughout a vdW epitaxy method. The inset in b shows the photograph of prepared GDY/Gr/GDY powder. (c) AFM and
(d) TEM images of GDY/Gr/GDY and bare Gr (inset). (e) SAED pattern of GDY/Gr/GDY. The inset displays the proposed structure in
top-view for GDY/Gr/GDY. (f) HRTEM image of GDY/Gr/GDY. (g) Raman spectra of GDY/Gr/GDY, GDY, and Gr. (h) X-ray
photoelectron spectroscopy (XPS) C 1s spectrum of GDY/Gr/GDY. (i) N2 adsorption/desorption isotherms of GDY/Gr/GDY and GDY.
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Gr/GDY-based half-cell presents a favorable rate capability and
cyclic stability, which is superior to that of bare GDY. In situ
transmission electron microscopy (TEM)/electrochemical
impedance spectroscopy (EIS)/Raman spectroscopy are
further employed to probe the K+ storage behaviors in a
fabricated GDY/Gr/GDY electrode. More encouragingly, a
full-cell device comprising a GDY/Gr/GDY anode and a
potassium Prussian blue (KPB) cathode manages to deliver a
reversible capacity of 151 mAh g−1 at 0.2 A g−1. This work
deals with the employment of well-designed GDY/Gr/GDY
architecture in K-ion storage based on its structural advantages
and demonstrates the applicability of GDY/Gr/GDY archi-
tecture as an anode candicate for PIBs.

RESULTS AND DISCUSSION
The schematic illustration of the synthesis of GDY/Gr/GDY
sandwiched structure is depicted in Figure 1a,b. Briefly, the
chemically exfoliated Gr sheets were first dispersed in pyridine
with an optimized concentration. Eglinton coupling reaction
was then applied to synthesize GDY in the presence of
hexaethynylbenzene (HEB) monomer and Cu(OAc)2 at room
temperature.36,37 Upon completing the reaction, GDY film was
readily grown on both sides of Gr owing to the vdW
interaction and lattice match between GDY and Gr.37 Thanks
to the massive production of Gr, bulk GDY/Gr/GDY powder
can be obtained (Figure 1b inset). Atomic force microscopy
(AFM) image (Figure 1c and Figure S1) reveals that GDY/
Gr/GDY presents similar morphology to Gr except for a larger
thickness (∼25.29 vs ∼2.91 nm for Gr) under an optimized
HEB/Gr proportion. Extensive investigations in thickness over
different regions indicate that the average thickness of GDY/
Gr/GDY is ca. 25.63 nm (Figure S2). TEM and scanning
electron microscopy (SEM) images (Figure 1d and Figure
S3a,b) show that the morphology of GDY/Gr/GDY is

consistent with that of Gr sheets, suggesting that HEB is in
favor of in-plane coupling rather than out-of-plane coupling on
the Gr surface. The SEM image of pristine GDY synthesized
without Gr under the same conditions displays a three-
dimensional (3D) rather than 2D film-like structure (Figure
S3c). Large-area SEM images in different positions show no
isolated GDY powder observed under the optimized reaction
conditions (Figure S3d−f). The selected area electron
diffraction (SAED) exhibits a typical hexagonal symmetric
pattern (Figure 1h), demonstrating good quality of the grown
GDY. The innermost hexagonal spot series could be indexed as
a set of (110) diffractions derived from a ABC··· stacked GDY
(Figure 1e inset and Figure S4),38,39 rather than AA··· stacked,
AB··· stacked, or single-layer GDY.37,40,41 High-resolution
TEM (HRTEM) inspection reveals that the interval of ordered
lattice fringe is ∼0.465 nm (Figure 1f), which refers to the
lattice distance for (110) facets.37,41 Moreover, the X-ray
diffraction (XRD) pattern of GDY/Gr/GDY was also
collected, as shown in Figure S5.
Figure 1g displays Raman spectra of Gr, GDY, and GDY/

Gr/GDY. As for the GDY/Gr/GDY sample, the Raman peaks
at 1346 and 1597 cm−1 are assigned to the D and G bands of
Gr, respectively.42 The distinct signals at 2105 and 2174 cm−1

are associated with the in-phase and out-of-phase stretching
modes of carbon−carbon triple bonds of diacetylenic linkages
(CCCC), respectively.37 The Raman spectrum of
GDY/Gr/GDY presents narrower full width at half-maximum
than the pristine GDY synthesized without a Gr template,
further indicating the epitaxy role of Gr. In the Fourier
transform infrared (FT-IR) spectrum of GDY/Gr/GDY, the
typical carbon−carbon triple bond stretching vibration of
termial alkyne is weak due to the formation of π-conjugated
diacetylenic linkages (Figure S6).43 X-ray photoelectron
spectroscopy (XPS) and energy dispersive X-ray spectroscopy

Figure 2. Electrochemical performance of GDY/Gr/GDY, Gr, and GDY electrodes. (a) Schematic showing the evalution of K-ion storage of
GDY/Gr/GDY in a half-cell configuration. (b) CV curves of the GDY/Gr/GDY electrode in the first three cycles at a scan rate of 0.1 mV s−1.
(c) Rate performances of GDY/Gr/GDY and GDY electrodes. (d) Cycling performance of GDY/Gr/GDY, Gr, and GDY electrodes at 100
mA g−1. (e) Cycling performance of GDY/Gr/GDY, Gr, and GDY electrodes at 1000 mA g−1.
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(EDX) measurements indicate that GDY/Gr/GDY and Gr are
mainly composed of carbon element (Figures S7 and S8). As
shown in Figure 1h, the C 1s spectrum can be deconvoluted
into four peaks at 284.4, 285.3, 286.6, and 288.2 eV,
corresponding to the CC, CC, CO, and CO
bonding of GDY/Gr/GDY, respectively.35 Benefiting from
the in-plane growth of GDY on Gr, the SSA of GDY/Gr/GDY
reaches as high as 393.7 m2 g−1, in contrast to that (110.2 m2

g−1) of pristine GDY powder (Figure 1i).26,27 Pore size
distribution analysis further indicates that the pore-size peaks
of GDY/Gr/GDY lie mainly in the range 0.5−5 nm (Figure 1i
inset), indicative of a microporous/mesoporous feature. This is
in stark contrast to the scenario of Gr (Figure S9). The
micropore-rich structure of GDY/Gr/GDY is anticipated to be
beneficial to the rapid transport of electrons and ions.
The electrochemical performance of GDY/Gr/GDY was

first examined in a half-cell configuration using K metal foil and
GDY/Gr/GDY material as the counter and working electro-
des, respectively (Figure 2a). Figure 2b shows the cyclic
voltammetry (CV) profiles of the first, second, and third cycles
at a scan rate of 0.1 mV s−1. A broad peak at 0.55 V appears in
the cathodic scan in the first cycle and diminishes in the
subsequent cycles, suggestive of an irreversible reaction derived
from the formation of a stable solid electrolyte interphase
(SEI) layer. The galvanostatic charge/discharge (GCD) curves
of GDY/Gr/GDY for the initial three cycles are also shown
(Figure S10), where the initial Coulombic efficiency (ICE) is
calculated to be 23.4%. The limited ICE is mainly concerned

with the formation of a SEI layer and the irreversible reaction
on the electrode surface. Meanwhile, the low ICE observed
might originate from the large surface area (393.7 m2 g−1) and
ample defects of GDY/Gr/GDY, which affords more
irreversible electrolyte reactions. In this sense, exploring
rational synthetic routes of good-quality GDY and/or
investigating alternative electrolytes could be effective
solutions to improving the ICE. The rate capabilities of the
GDY/Gr/GDY and GDY electrodes were also evaluated at
different current densities (Figure 2c). As the current densities
increase from 50 to 100 mA g−1, the GDY/Gr/GDY electrode,
respectively, displays reversible capacities of 486 and 375 mAh
g−1, which is apparently higher than those of GDY (285 and
245 mAh g−1). A reversible capacity of 205 mAh g−1 can be
obtained even at a high current density of 2000 mA g−1,
showing a favorable rate performance. The long-term
cyclability of GDY/Gr/GDY was further probed (Figure 2d).
In this sense, the GDY/Gr/GDY electrode exhibits a reversible
capacity of 380 mAh g−1 at 100 mA g−1 with a Coulombic
efficiency of nearly 100% and a capacity retention rate of 80.7%
after 200 cycles, implying good durability of GDY/Gr/GDY.
The reversible capacities of bare Gr and GDY are only 290 and
216 mAh g−1 after 200 cycles, respectively. As shown in Figure
2e, upon cycing at 1000 mA g−1, a capacity of 225 mAh g−1 for
the GDY/Gr/GDY electrode can be harvested. Even at an
elevated current density of 2000 mA g−1, the GDY/Gr/GDY
electrode still delivers a favorable cycling perfromance (Figure
S11). With the aid of theoretical simulation via density

Figure 3. Electrokinetic study of the GDY/Gr/GDY electrode. (a) CV curves of GDY/Gr/GDY electrode at various scan rates from 0.1 to 1.0
mV s−1. The inset shows the plots of log (peak current) vs log (scan rate) of cathodic/anodic peaks from CV scans and b-value determination
lines. (b) Pseudocapacitive contribution ratios at different scan rates. (c) GITT profiles of the discharge/charge process. (d) Corresponding
K+ diffusion coefficients of the first-cycle potassiation of GDY/Gr/GDY, Gr, and GDY electrodes. The red curve shows the K+ diffusion
coefficients of the fourth-cycle potassiation of GDY/Gr/GDY electrode. (e) In situ EIS profiles and (f) operando Raman spectra of the GDY/
Gr/GDY electrode in the first discharge/charge cycle.
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functional theory method, the adsorption energies of K were
calculated on the basis of two models, namely, ABC-GDY/Gr
and ABC-GDY. As a result, K exhibits nearly the same
adsorption energy values for both cases, which is not
influenced by the Gr support (Figure S12). These results
demonstrate that the ultrathin morphology of Gr-supported
GDY film is the decisive factor to boost the electrochemical
performance of GDY/Gr/GDY. In further contexts, the rate
capability and cyclability of our GDY/Gr/GDY electrodes
compare favorably with reported carbon-based materials in
terms of potassium storage (Figure S13 and Table S1).
To gain insight into the electrochemical kinetics of the

GDY/Gr/GDY anode for K-ion storage, CV analysis was
carried out with scan rates ranging from 0.1 to 1.0 mV s−1. As
displayed in Figure 3a, a couple of redox peaks could be
observed in the range 0.01−1.0 V, corresponding to the
potassiation/depotassiation processes. In contrast, quasi-
rectangular features are witnessed in the range 1.0−3.0 V,
implying typical capacitive charge storage behavior.44 The
surface capacitive contribution of GDY/Gr/GDY was analyzed
throughout a power law: i = aνb, which expresses the

relationship of peak current (i) and scan rate (ν). The b-
value can be calculated by sketching the relationship of log(i)
vs log(ν).45,46 Accordingly, the b-value of the cathodic and
anodic peaks of GDY/Gr/GDY electrode reaches 0.95 and
0.82, respectively (Figure 3a inset), indicating a hybrid ion
storage kinetics.45,46 In this regard, the contribution to the total
capacity can be quantified by the equation: i = k1ν

1/2 + k2ν,
where k2ν and k1ν

1/2 represent the capacitive- and diffusion-
controlled contributions, respectively.47 As illustrated in Figure
3b, the gray color-shaded area is the proportion of capacitive
current response out of the total at the scan rate of 1.0 mV s−1,
accounting for a pseudocapacitive fraction of 70.0%. This
readily indicates that the capacitive-controlled K-ion storage in
the GDY/Gr/GDY electrode is predominant especially under
high rates.
To further unravel the kinetics of K-ion storage in GDY/Gr/

GDY electrode, the galvanostatic intermittent titration
technique (GITT) measurement was applied to analyze the
diffusion coefficient (DK

+) of K+.48 Figure 3c shows the
potential response of GDY/Gr/GDY, Gr, and GDY electrodes
during potassiation/depotassiation. Meanwhile, the GITT

Figure 4. In situ TEM observation of GDY/Gr/GDY and pristine GDY during potassiation/depotassiation. (a) Schematic illustration of the
nanobattery designed for in situ TEM characterization. (b) Schematic showing the response of GDY layers on Gr during potassiation/
depotassiation. (c) Time-resolved TEM images of the GDY/Gr/GDY electrode during the first potassiation process. (d) HAADF image and
corresponding EDS maps of GDY/Gr/GDY after potassiation. (e) Time-resolved TEM images of the GDY/Gr/GDY electrode during the
first depotassiation. (f and g) TEM images of the GDY/Gr/GDY after the second (f) potassiation and (g) depotassiation process. (h) Time-
resolved TEM images of the bare GDY electrode during the first potassiation process.
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curve of GDY/Gr/GDY in the fourth cycle is also shown in
Figure S15. The values of DK

+ for these electrodes during
potassiation process are illustrated in Figure 3d. All of them
show a decreasing DK

+ along with the voltage decrease, which
might be ascribed to the increase of embedded K+ in the
interlaminar carbon structure. It is worth-noting that the
GDY/Gr/GDY electrode exhibits a higher DK

+ than that of
bare Gr and GDY even after three cycles, indicative of faster
ion diffusion kinetics. Nyquist plots obtained from EIS
measurements reveal that the GDY/Gr/GDY electrode
exhibits a smaller charge-transfer resistance as compared to
those of GDY and Gr counterparts (Figure S16a). In addition,
a slight increase in the resistance could be observed after 50
cycles at a current density of 100 mA g−1 (Figure S16b).
Collectively, the favorable K-ion storage performances of
GDY/Gr/GDY architecture are mainly attributed to its
structural benefit with respect to thin laminar morphology,
special pore size distribution, and high SSA value. These
morphological merits not only facilitate the ion transport
throughout interlayer spacing but also boost the ion shuttle
across the layers.
In situ EIS and operando Raman spectroscopy were further

employed to investigate the potassium storage behavior in the
GDY/Gr/GDY architecture. Figure 3e displays the in situ EIS
profiles collected during the first discharge/charge cycle,
wherein the diameter of the semicircle in the high-frequency
region is related to the charge-transfer resistance. It is evident
that the resistance exhibits a gradual increase and then a sharp
decrease in the course of discharge.49 Upon charging, the
resistance manages to back to its initial state, showing a good
reversibility. Furthermore, operando Raman spectra display that

the D and G peaks of GDY/Gr/GDY present slight red shifts;
meanwhile, the intensity of G band manifests an obvious
decline (Figure 3f), indicative of the interlayer expansion and
structural evolution featured within a typical potassiation
process. In the subsequent charging stage, the related peak
intensities and ID/IG ratios restore to almost the initial state,
demonstrating good electrochemical reversibility and structural
stability of GDY/Gr/GDY upon the uptake/release of K+.
Post-mortem TEM observation additionally corroborates the
structural integrity and stability of GDY/Gr/GDY electrode
after cycling (Figure S17).
To clearly unveil the structure-performance relationship, in

situ TEM was employed to disclose the dynamic evolution of
GDY/Gr/GDY nanostructure during repeated potassiation/
depotassiation. Figure 4a illustrates the representative nano-
battery configuration designed for the in situ TEM measure-
ment, where GDY/Gr/GDY and K metal are, respectively,
functioned as working and counter electrodes, and the K2O
layer grown on the surface of metallic K is used as solid
electrolyte. Figure 4b depicts the structural change of GDY
layers on Gr in response to the potassiation/depotassiation.
The large interlayer spacing and specific porous architecture of
GDY/Gr/GDY can effectively relieve the volume change and
maintain the structural integrity. Figure 4c presents the time-
resolved TEM images of GDY/Gr/GDY during consecutive
potassiation process, which can be visualized in a more clearer
manner from a video demonstration (Movie S1). In this sense,
K ions are first driven to penetrate within the GDY/Gr/GDY
framework, accompanied by noticeable volume expansion.
With the increasing K+ insertion, the size of GDY/Gr/GDY is
gradually enlarged from 541 × 248 nm to 558 × 258 nm after

Figure 5. Electrochemical performance of KPB||GDY/Gr/GDY full-cell device. (a) Schematic illustrating the configuration of the assembled
coin-type KPB||GDY/Gr/GDY full cell. (b) CV curves of KPB||GDY/Gr/GDY full cell at various scan rates from 0.2 to 1.0 mV s−1. (c) GCD
profiles of KPB||GDY/Gr/GDY full cell at 0.05 A g−1. (d) Rate performance at different current densities. (e) Cycling performance at 0.2 A
g−1. (f) Photographs showing a mini-timer powered by the PIB full cell.
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45 s, showing a slight volume expansion of 7.3%. A high-angle
annular dark-field (HAADF) image and corresponding EDS
results further demonstrate the intercalation of K ions and the
distribution of K elements in the entire GDY/Gr/GDY
framework without detectable phase separation (Figure 4d
and Figure S18). During the depotassiation process, GDY/Gr/
GDY flake undergoes a slight volume contraction from 558 ×
258 nm to 545 × 250 nm after 175 s (Figure 4e and Movie
S2), suggesting its favorable structural stability. Note that the
GDY/Gr/GDY is not able to recover to its pristine state after
depotassiation, in good agreement with the electrochemical
measurement result in terms of low ICE.50 To further
demonstrate the structural durability of the GDY/Gr/GDY
electrode, the second potassiation/depotassiation process was
carried out, showing no structural collapse upon potassiation
and depotassiation (Figure 4f,g and Movies S3 and S4). For
comparison, the bare GDY electrode was employed in the
same system. As a result, GDY exhibits a size expansion of
11.6% (from 283 × 130 nm to 302 × 136 nm) after the first
potassiation process (Figure 4h and Movie S5). Upon
depotassiation, the bare GDY returns to a size of 285 × 134
nm (Figure S19 and Movie S6). Comparatively, the smaller
size expansion of GDY/Gr/GDY could be attributed to the 2D
morphology that offers sufficient buffer space, abundant
storage sites, and ideal ion transport channels to mitigate the
volume expansion. The TEM images of the bare GDY
otherwise presents a 3D morphology with a higher thickness
than GDY/Gr/GDY (Figure S20).
A PIB full-cell device (KPB||GDY/Gr/GDY) comprising a

KPB cathode and a GDY/Gr/GDY anode was constructed to
envisage practical applications, as depicted in Figure 5a. Note
that the specific capacity of the full cell was calculated on the
basis of the mass of the anode. The electrochemical
characterizations of the KPB cathode material were first
performed in a half-cell configuration (Figure S21). In full-cell
measurements, characteristic redox peaks can be observed in
the CV profiles of KPB||GDY/Gr/GDY full cell at different
scan rates (Figure 5b). Figure 5c shows the initial three-cycled
GCD curves of the full cell at a current density of 0.05 A g−1,
where the device could deliver an initial discharge capacity of
186.6 mAh g−1 in a voltage window of 0.5−3.8 V. Capacity
evaluation at different rates (from 0.05 to 5 A g−1) indicates
that the KPB||GDY/Gr/GDY full cell manifests good rate
capability (Figure 5d and Figure S22). Figure 5e displays the
cyclic performance of the full-cell device. It enables a discharge
capacity of 151 mAh g−1 after 100 cycles at 0.2 A g−1. As
shown in the real photos in Figure 5f, our KPB||GDY/Gr/GDY
is able to power a mini-timer (with a working voltage of 3.0 V),
implying promising application potentials.

CONCLUSIONS

A GDY/Gr/GDY sandwiched architecture has been synthe-
sized and demonstrated to be a suitable anode material for
PIBs. Exhaustive electrochemical measurements and operando
analysis show that GDY/Gr/GDY exhibits improved potas-
sium storage ability in comparison with bare GDY or Gr, which
is benefitted from the 2D conductive scaffold of GDY/Gr/
GDY. A KPB||GDY/Gr/GDY full cell readily harvests a
reasonable reversible capacity, corroborating the structural
advantage of GDY/Gr/GDY. This work offers insights into the
design of GDY-based PIB anode targeting practical applica-
tions.

EXPERIMENTAL SECTION
Synthesis of HEB. Three milliliters of tetra-n-butylammonium

fluoride (TBAF) (1 M in tetrahydrofuran) was added into a solution
of 300 mg of hexakis[(trimethylsilyl)-ethynyl]benzene (HEB-TMS)
and 100 mL of dichloromethane (DCM) under an Ar atmosphere and
stirred at 0 °C for 15 min. Then, the mixture was washed twice with
saturated sodium chloride aqueous solution, dried by anhydrous
magnesium sulfate, and filtered to obtain HEB solution. All processes
were rapidly carried out in dark to prevent HEB from decomposition.
The residue was diluted in 100 mL of DCM to be used as a monomer
solution.

Synthesis of GDY/Gr/GDY. A three-necked flask containing a
mixture of 20 mg of Gr, 50 mL of pyridine, and 100 mg of copper(II)
acetate was introduced the HEB solution in a dropwise manner. The
mixture was maintained at room temperature for 24 h under an Ar
atmosphere. All processes were rapidly carried out in the dark to
prevent HEB from decomposition. Upon completing the reaction, the
as-obtained GDY/Gr/GDY was washed in turn with pyridine/
dimethylformamide/hydrochloric acid (0.5 M)/deionized water. After
free-drying, GDY/Gr/GDY was obtained as a black powder, where
the mass ratio of GDY to Gr was ∼3.28. The capacity contribution of
GDY in GDY/Gr/GDY sandwiched composite was calculated to be
∼76.7%. The synthesis of bare GDY is similar to the process of GDY/
Gr/GDY except for the introduction of Gr.

Synthesis of KPB. In a typical synthesis, K4Fe(CN)6 (0.422 g)
was dissolved in deionized water (160 mL) to form solution A; FeCl3
(0.324 g) was dissolved in deionized water (40 mL) to form solution
B. The precipitation was formed by adding solution B to solution A in
a drop-off manner under constant stirring. The mixture was stirred for
2 h and aged for another 24 h. The obtained dark blue precipitates
were collected by centrifugation, washed by water and ethanol, and
dried at 80 °C in a vacuum oven for 24 h.

Electrochemical Tests. GDY/Gr/GDY, Gr, and GDY electrodes
were prepared by mixing 70 wt % active materials, 20 wt % SuperP
carbon, and 10 wt % sodium carboxymethyl cellulose as the binder in
deionized water. The as-prepared slurry was then coated on a 10 μm
thick copper foil. Prior to electrochemical tests, all electrodes were
completely dried at 80 °C under a vacuum for 24 h and then punched
into circle discs of ca. 1.33 cm2. The active mass loading was ∼0.7 mg
cm−2. All electrochemical tests were carried out on the basis of 2032-
type stainless steel coin cells assembled in an argon-filled glovebox
(<0.01 ppm of oxygen and water). A piece of Glass fiber (Whatman)
was used as the separator. KPF6 (0.8 M) in an ethylene carbonate/
diethyl carbonate (EC/DEC, 1:1, v/v) solution was employed as the
electrolyte. The counter electrode was K metal. CV was performed on
a CHI 660 electrochemical workstation. EIS results were obtained at a
frequency range from 0.01 to 100000 Hz. Rate performance and cycle
stability tests were recorded by a LAND CT2001A battery testing
system between 0.01 and 3 V vs K/K+ at room temperature (25 ± 1
°C). The full cell was assembled using KPB as the cathode and GDY/
Gr/GDY as the anode, with the identical employment of separator
and electrolyte. The active mass loading of GDY/Gr/GDY anode was
∼1.0 mg cm−2 on copper foil. The cathode-to-anode loading ratio was
maintained at ∼1.5. Galvanostatic charge/discharge was performed in
a voltage range of 0.5−3.8 V.

In Situ TEM Characterization. A semi-TEM copper grid was
applied to scrape the GDY/Gr/GDY nanosheets and used as the
working electrode, while the tungsten probe that scraped the
potassium metal was considered as the counter electrode.
Subsequently, all the components were assembled on the TEM
specimen holder (PicoFemto) in a glovebox filled with argon. Before
the TEM specimen holder was transferred to the TEM chamber, the
potassium metal was deliberately exposed to the air (∼5 s) to cover a
thin K2O passivation layer on the surface of the potassium metal
(acting as the solid-state electrolyte), which played the role in
transporting K ions. To achieve the insertion and extraction of
potassium, a piezoelectric ceramic motor was used to drive a tungsten
probe with a potassium passivation layer to contact the GDY/Gr/
GDY nanosheets. During the in situ insertion reaction, a constant
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potential of −1 V was applied to the active electrode vs K via a
potentiostat. On the contrary, a 1 V positive bias voltage was added to
the in situ extraction of potassium.
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