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Supplementary Discussion

The density of GBs and its dependence on grain sizes. The density of GBs

in the CVD-grown polycrystalline 1L WS2 film can be here defined as the total

GB length per unit surface area. The density of GBs is highly dependent on the

surface density of 1L WS2 grains, i.e. the grain sizes and their distribution. With

H2S gas being chosen as the S source in the CVD growth, the nanoscale 1L

WS2 crystals of equilateral triangular shape and high surface density are

initially grown on the substrate with uniform distribution, as shown in the SEM

images of Supplementary Figure 1. The nanoscale sizes of 1L WS2 crystals

are also relatively uniform, lying in a narrow distribution around ~30 nm. In the

CVD growth of polycrystalline 1L WS2 film on a SiO2 (300 nm)/Si substrate, we

have been able to control the growth of 1L WS2 grains in the nanoscale sizes

ranging from ~10 to several tens of nm, and the 1L WS2 grains have been

scarcely observed to grow in sizes larger than 100 nm. The smaller sizes of 1L

WS2 grains imply the higher density of GBs or the longer total GB length per

unit surface area, which is able to provide the more structural defects as active

sites for capture of analyte and thus the higher sensing performance of the

GB-based sensor. The microscale or larger 1L WS2 grains are actually not

desirable for the great enhancement of sensor performance, because the

larger grain sizes mean the lower density of GBs.

On a simplified assumption that the CVD-grown GB-rich polycrystalline 1L

WS2 film was formed by the equilateral triangular 1L WS2 crystals of the same



size stitched together along the edges of neighboring grains, the grain size

dependence of the GB density can be well understood, though the assumed

simple case is experimentally impossible. For an equilateral triangular 1L WS2

crystal with the lateral length of �, its surface area of � and total edge length

of ℒ are given by � = 3�2 4 and ℒ = 3�, respectively. The surface density

� or the number of 1L WS2 crystals per unit surface area is determined by

� = 1 � = 4 3�2 , and the total edge length per unit area is given by � =

� ∙ 3� = 4 3 � . Since the GBs are assumed to be formed by the stitched

edges of neighboring 1L WS2 crystals, the density of GBs can be expressed as

�GB = 2 3 � , which is inversely proportional to the lateral length of � . As

shown in inset of Supplementary Figure 1, the shorter lateral length of �

means the higher density of GBs, but the sharply increased density of GBs

occurs only when the lateral length of � or the grain size is decreased to the

nanoscale range. Thereby, in order to hugely increase the density of GBs, the

grains are required to be grown in the nanoscale sizes. With respect to the

value of �GB at the microscale lateral length, for example, � = 5 m, the

value of �GB at the nanoscale lateral length of � = 40 nm is hugely increased

by more than 104 %. For a polycrystalline film formed with the 1L WS2 grains of

microscale sizes, the slightly increased density of GBs is not very helpful for

effective enhancement of the sensing performance of GB-based sensor in

comparison to a single 1L WS2 crystal. Moreover, for the microscale grains in a

wide size distribution, large fluctuation is inevitably induced in the density or



distribution of GBs across the film, leading to the inconsistent sensing

performances from different areas of the film due to limited spot size of

detection light (170 m in diameter for our SPR equipment). In the CVD-grown

GB-rich polycrystalline 1L WS2 film formed with the nanoscale 1L WS2 grains,

the size distribution is also constrained in the nanoscale range, and only

minute local fluctuation exists in the density of GBs across the film.

Considering the spot size of detection light is 170 m, which is 3 orders larger

than nanoscale grains, the density and distribution of GBs within the detection

range is thus pretty uniform for different areas, guaranteeing consistent

sensing performances of the GB-based SPR sensor from different areas of the

film (Supplementary Figure 2). Meanwhile, in our CVD-grown polycrystalline

1L WS2 film by using the S powders as S source (Supplementary Figure 3),

the film exhibits the large grains in a wide size distribution from several tens to

~200 m. The large 1L WS2 grains and the wide size distribution inevitably

lead to the large local fluctuation in the density or distribution of GBs across

the film. The large local fluctuation in density or distribution of GBs is found to

induce the inconsistent sensor performances in Hg2+ detection from the

different areas of the film, as shown in Supplementary Figure 4.

Detection accuracy of GB-based SPR sensor. Detection accuracy of a SPR

sensor is defined as 1/WFWHM, where WFWHM is the full width at half maximum

of SPR spectrum.1 The values of Da were extracted from SPR spectra of the

GB-rich 1L WS2 film, which were collected during the sensor responses to the



Hg2+ solutions from 10-18 to 10-11 M. The accuracy of ~0.4 was determined,

which is better than that of graphene-based SPR sensor (~0.2, 680 nm laser

light)2

Supplementary Figures

Supplementary Figure 1. SEM image of the initially grown 1L WS2

nanocrystals. The initially grown 1L WS2 nanocrystals of equilateral triangular

shape and high surface density on a SiO2 (300 nm)/Si substrate, which were

intercepted by intentionally stopping the CVD growth process of the GB-rich

polycrystalline 1L WS2 film. Inset on top is the high-magnification SEM image,

and inset on bottom gives the calculated density �GB of GBs as a function of

lateral length �.



Supplementary Figure 2. Determined resonance angle shifts of θ from 5

different areas on the CVD-grown GB-rich polycrystalline 1L WS2 film.

The consistent values of θ indicate the desirable growth of nanoscale grains

for consistent detection of Hg2+ from the different locations of the film because

the spot size of detection light (170 m in diameter) is much greater than

nanoscale grain dimensions.



Supplementary Figure 3. 1L WS2 film with microscale grains by using the

S powder as S source. a OM image of the microscale 1L WS2 crystals grown

on SiO2 (300 nm)/Si substrate, which were intercepted by intentionally

stopping the CVD growth process of polycrystalline 1L WS2 film in the early

stage. The S powder was used as S source in the CVD growth. b OM image of

the CVD-grown polycrystalline 1L WS2 film. c Corresponding FL image. In the

FL image, the FL-enhanced stripes come from the GBs.3As revealed in the FL

image, the 1L WS2 grains lie in a large size distribution from several tens to

~200m, and thus the quite non-uniform distribution of GBs leads to large

local fluctuation in the density of GBs across the film.



Supplementary Figure 4. Sensing performances of SPR sensor based on

1L WS2 film with microscale grains. The sensor was fabricated with the

CVD-grown polycrystalline 1L WS2 film as shown in Supplementary Figure

3b. a SPR spectra taken from two different areas on the polycrystalline 1L WS2

film as sensing material. b Resonance angle shifts of θ as a function of Hg2+

concentration, which were determined from the SPR spectra in a. Obviously,

different areas on the film generate the inconsistent sensor responses due to

large fluctuation in the density of GBs across the film.



Supplementary Figure 5. Characterization of CVD-grown GB-rich

polycrystalline 1L WS2 films on SiO2 (300 nm)/Si substrates. a,b Optical

photographs of as-grown 1L WS2 film on SiO2 (300 nm)/Si substrate and the

transferred one on to Au (47 nm) coated cover glass substrate. c-e AFM, OM

and corresponding FL images of as-grown 1L WS2 film on SiO2 (300 nm)/Si

substrate. A scratch was made on the 1L WS2 film to differentiate between the

film and Si substrate due to their contrast difference. Inset in c is a height

profile taken along the dash line, showing the thickness of 0.8 nm. f,g Raman

and PL spectra of the 1L WS2 film. h Raman and PL line scans across the 1L

WS2 film. All Raman and PL measurements were performed by using 532 nm

laser light excitation.



In OM image of Supplementary Figure 5d, the 1L WS2 film can be

distinctly recognized due to the difference in optical contrasts between the film

and bare SiO2/Si substrate. The as-synthesized 1L WS2 film exhibits uniform

optical contrast, signifying an even and high-quality continuous film. In the FL

image of Supplementary Figure 5e, the uniformity of FL intensity across the

film implies the monolayer nature and high quality of the as-synthesized 1L

WS2 film. As displayed in Supplementary Figure 5f and g, the observed

Raman modes of E1
2g(M) (345.1 cm-1), 2LA(M) (352.15 cm-1), E1

2g(Γ) (356.9 cm-1)

and A1g (Γ) (417.6 cm-1), as well as the single photon emission at ~ 1.99 eV are

in good agreement with previous spectral results regarding CVD-grown 1L

WS2.4-6 The Raman intensity ratio of I2LA(M)/IA1g(Γ) is determined to be 7.6, which

is a characteristic of monolayer thickness, as I2LA(M)/IA1g(Γ) is larger than 2 only

for monolayer WS2.6 Raman and PL line scans in Supplementary Figure 5h

demonstrate the high consistency in peak position and intensity at different film

locations, confirming the high quality of the as-synthesized polycrystalline 1L

WS2 film.



Supplementary Figure 6. Raman 2LA(M) mapping images of

as-synthesized GB-rich 1L WS2 film. a Raman mapping image of 2LA(M)

peak intensity. b Raman mapping image of 2LA(M) peak position. 532 nm

laser was used for excitation. Raman mapping images show the high

consistency in peak position and intensity at different film locations.

Supplementary Figure 7. Atomic scale HAADF-STEM image. Typical GB in

the GB-rich polycrystalline 1L WS2 films.



Supplementary Figure 8. Schematic of the SPR setup. Schematic

illustration of the SPR imaging setup and the sensor device based on GB-rich

1L WS2 film.

Supplementary Figure 9. The electric field distribution of the proposed

SPR sensor based on polycrystalline 1L WS2 film. a Simulated electric field

distributions between bare 50 nm Au film and sensing medium. b Simulated

electric field distributions between polycrystalline 1L WS2 film-covered 50 nm

Au and sensing medium. c is the zoom in of the red square area in b.



Supplementary Figure 10. Characterization of CVD-grown 1L WS2 single

crystals. a-d OM, corresponding FL images, Raman and PL spectra of

CVD-grown 1L WS2 single crystals on SiO2 (300 nm)/Si substrate. In the FL

image of Supplementary Figure 10b, the observed strong FL signal indicates

the monolayer nature of CVD-grown WS2 crystals. The measured Raman and

PL spectra in Supplementary Figure 10c and d, respectively, are consistent

with the previously reported ones for 1L WS2 crystals.6



Supplementary Figure 11. DFT calculations about different adsorption

positions of Hg2+ away from the GBs in 1L WS2 film labeled out with

number 1-4. Yellow, blue and red spheres represent S, W and Hg atoms,

respectively. The calculated adsorption energies of Eads at four different

positions 1-4 are listed on the bottom.



Supplementary Figure 12. XPS characterization. a,b XPS spectra of Hg 4f

and Pb 4f core levels taken from the GB-rich polycrystalline 1L WS2 film as

sensing material after ion detection in the mixed Hg2+ and Pb2+ solutions, in

which Hg2+ concentration is 10-15 M and Pb2+ concentration is 10-12 M.

For the Pb–S bonds, the Pb 4f7/2 and Pb 4f5/2 peaks occur at the binding

energies of ~137.5 and ~142.9 eV, respectively.7 In the of Hg 4f core level XPS

spectrum (Supplementary Figure 12a), the distinct peak around 102 eV is

recognized to come from Hg 4f core level. In the of Pb 4f core level XPS

spectrum (Supplementary Figure 12b), however, no sign of peak is

observable around the binding energies of ~137.5 and ~142.9 eV on the

background in the detection limit. Therefore, for Hg2+ detection of GB-based

SPR sensor in the mixed Hg2+ and Pb2+ solutions, the interference to the



sensor response from the coexisting Pb2+ ions can be neglected. The

absorption of Hg2+ ions on GBs are preferential in the mixed solution of

coexisting Hg2+ and Pb2+ ions.

Supplementary Figure 13. The repeatability of the GB-based SPR sensor.

Resonance angle shifts of θ, which were determined from the responses of

15 GB-based SPR sensors to the 10-15 M Hg2+ solution. These sensors were

fabricated with GB-rich polycrystalline 1L WS2 films from 15 batches grown at

different dates. The consistency in values of θ and small standard deviation

indicates the high repeatability(∆θ = 89.28±2.89 mdeg).



Supplementary Figure 14. Response time of the GB-based SPR sensor.

Response of one GB-based SPR sensor to 10-15 M Hg2+ solution monitored by

the Kinetic curve for more than 2 hours. Inset is the amplified Kinetic curve to

show the initial response. The arrow-pointed jump is induced by injection of

Hg2+ solution.

In Hg2+ detection, the sensor response can be monitored via the Kinetic

curve, and generally, it requires a response time of several minutes to reach

the dynamical equilibrium for signal collection, similar to any other SPR

sensor.8-10 After the dynamical equilibrium, the steady sensor response was

continuously monitored for more than 2 hours, and no observation of any

abrupt change indicates the high sensor stability in Hg2+ solution.



Supplementary Figure 15. Environmental stability of GB-rich 1L WS2 film.

Resonance angle shifts of θ determined from SPR spectra of freshly grown

and 6-month exposed GB-rich 1L WS2 film at Hg2+ concentrations ranging from

10-18 M to 10-11 M. All error bars is the standard deviation of SPR angle shift

from five repeated measurements.

To examine the environmental stability of GB-rich polycrystalline 1L WS2

film, the performance of a GB-based sensor after 6-month exposure under

ambient conditions was examined. Notably, the sensor was treated for 10

minutes at 260 oC in a tubular furnace under the protecting flow of mixed H2

(1%) and Ar gas for removal of the absorbed contaminants on GBs, and then

its responses to Hg2+ solutions were checked. The determined resonance

angle shifts of freshly grown and 6-month ambiently exposed 1L GB-rich WS2

film are presented in Supplementary Figure 15 for comparison. After 6-month



exposure to air, the sensor still exhibits comparable sensor performance, with

only slight deterioration at higher concentrations, to that of the fresh as-grown

GB-rich 1L WS2 film. These observations indicate the excellent environmental

stability of 1L GB-rich WS2 film for GB-based sensor.

Supplementary Figure 16. Sensor response to acidified water. a pH values

in the prepared Hg2+ solutions, which slightly fluctuate around 6.1. Inset is the

time-dependent pH value of ultrapure water after preparation. The pH value of

as-prepared ultrapure water is around 7, but it decreases with time to a stable

value of ~6 under exposure to air. No acidification of water was done in the

preparation of Hg2+ solutions. b SPR spectra of GB-based SPR sensor in a

series of the acidified water. Acidification of ultrapure water to the pH value

ranging from 6.1 to 3 was performed by adding nitric acid (HNO3). c



Corresponding resonance angle shifts of θ extracted from the SPR spectra in

b.

Based on the SPR spectra in (Supplementary Figure 16b) and the

corresponding values of θ in (Supplementary Figure 16c), for the pH value

of larger than 5, no interference to the sensor response from acid is observable,

but the interference from acid becomes observable when the pH value

becomes lower than 5. With decreasing pH value, the interference from acid

becomes stronger. Thereby, in Hg2+ detection, the pH value of detected ion

solution were carefully checked to rule out interference due to pH. As shown in

Supplementary Figure 16a, pH values of prepared Hg2+ solutions are around

6.1, at which pH does not impact sensor response.



Supplementary Figure 17. Hg2+ detection of the GB-based sensor in tap

water matrix. a SPR spectra of GB-based SPR sensors in ultrapure water and

tap water without additional filtration for comparison. b Resonance angle shifts

of θ extracted from the SPR spectra of 3 GB-based sensors at Hg2+

concentrations ranging from 10-18 M to 10-11M in the tap water matrix without

additional filtration. c SPR spectra of GB-based SPR sensors in ultrapure

water and filtered tap water using filter paper for comparison. d Resonance

angle shifts of θ extracted from the SPR spectra of 3 GB-based sensors at



Hg2+ concentrations ranging from 10-18 M to 10-11 M in the filtered tap water

matrix. The red curve is the fit of the average values of three GB-based

sensors.

Hg2+ sensing in the tap water matrix using the GB-based sensors was

investigated to evaluate its applicability in real case scenarios. The tap water

used is up to standards and regulations regarding water safety. The Hg2+

solutions were prepared with the tap water after a simple filtration with filter

paper, which was first conducted to remove most of the possible insoluble

impurities. It is worth noting the difference between SPR responses to the tap

water (filtered tap water) and ultrapure water (Supplementary Figure 17a and

c). However, this observed difference cannot give the conclusion that the tap

water is contaminated by Hg2+. Tap water involves the more complex

components, including not only the possible metal ions but many other

possible types of impurities such as organic impurities, germs, viruses, etc.

Filtration with filter paper to remove insoluble impurities can help reduce the

background signal in tap water matrix and promote better sensor performance

(Supplementary Figure 17b-d). Though most of the insoluble impurities can

be removed by a simple filtration with filter paper, some other complex

impurities can still produce the interference to the SPR sensor response.

Currently, we cannot exactly identify which impurity produces the different

sensor responses to tap water and ultrapure water, but we are able to rule out

the possibility of Hg2+ contamination in the used tap water.



To rule out the possibility that this shift is caused by Hg2+ and to evaluate

whether the GB-based sensor can still detect aM level Hg2+ in tap water, a

series of standard Hg2+ solutions (10-18-10-11 M) were prepared using the

filtered tap water instead of ultrapure water, and the sensor responses to these

Hg2+ solutions were measured. On the assumption that the possible Hg2+

contamination existed in tap water with a concentration higher than the added

one of Hg2+ ions, the SPR response would be similar to the tap water before

the additional introduction of Hg2+ ions. Supplementary Figure 17d shows the

determined resonance angle shift (∆θ) as a function of Hg2+ concentration in

filtered tap water matrix for 3 GB-based sensors, exhibiting the robust and

quite consistent device-to-device sensor responses. A clear positive

correlation is observed between Hg2+ concentration in the filtered tap water

(10-18 M - 10-11 M) and sensor response. For the three tested GB-based

sensors, their average value of  can be quantitatively expressed by an

empirical formula of Δθ = 19.2*log[Hg2+]+356.7 (R2 = 0.9820) within the Hg2+

concentration range from 10-17 M to 10-13 M. In comparison to Δθ =

26.7*log[Hg2+]+477.5 (R2 = 0.9801) obtained in ultrapure water, though the

slope of 19.2 in the filtered tap water matrix becomes smaller, it still keeps the

same order, and more importantly, the robust response is still produced even

at the 1 aM level Hg2+ concentration, indicating that the sensitivity of GB-based

sensor is not compromised very much in the real tap water matrix and the

practical applicability can still be achieved. Based on these results, the



following conclusions can be made: the difference between SPR responses to

tap water and ultra-pure water is caused by other impurities rather than Hg2+,

and the sensitive Hg2+ detection with aM-level LOD can still be achieved in tap

water.

The observable resonance angle shift at 1aM, even in tap water matrix,

further demonstrates the low LOD of GB-based sensors and shows that GB

engineering in WS2 and other 2D materials is an effective method to design

and construct novel sensing materials towards low-limit detection. Notably, by

further examination regarding possible sensor interference from complex

components in a real matrix, the sensor performance can be further optimized.

Nevertheless, the demonstrated sensitive Hg2+ sensing in the tap water matrix

using the GB-based sensors shows that exploiting GBs of 2D materials in

fabrication of ultra-sensitive ion sensors also exhibit great application potential.



Supplementary Figure 18. Hg2+ detection of the SPR sensor based on

GB-rich 1L MoS2 film. a SPR spectra of a SPR sensor based on GB-rich

polycrystalline 1L MoS2 film as sensing material, which were collected during

the detection in Hg2+ solutions of different concentrations. b Corresponding

resonance angle shifts of θ extracted from the SPR spectra in a. All error bars

is the standard deviation of SPR angle shift from five repeated measurements.
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