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The negatively charged nitrogen vacancy (NV−) center in diamond
has attracted strong interest for a wide range of sensing and quan-
tum information processing applications. To this end, recent work
has focused on controlling the NV charge state, whose stability
strongly depends on its electrostatic environment. Here, we demon-
strate that the charge state and fluorescence dynamics of single NV
centers in nanodiamonds with different surface terminations can be
controlled by an externally applied potential difference in an electro-
chemical cell. The voltage dependence of the NV charge state can be
used to stabilize the NV− state for spin-based sensing protocols and
provides a method of charge state-dependent fluorescence sensing
of electrochemical potentials. We detect clear NV fluorescence mod-
ulation for voltage changes down to 100 mV, with a single NV
and down to 20 mV with multiple NV centers in a wide-field
imaging mode. These results suggest that NV centers in nano-
diamonds could enable parallel optical detection of biologically
relevant electrochemical potentials.

nitrogen vacancy center | nanodiamond | fluorescence microscopy |
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The nitrogen vacancy (NV) center is a fluorescent point defect
in diamond formed by a substitutional nitrogen atom adja-

cent to a carbon vacancy (Fig. 1A). The negative charge state
(NV−) is optically addressable and has a long-lived electronic
spin state suitable for quantum sensing of local electric and
magnetic fields (1–4). However, under constant laser illumination,
the NV center can stochastically switch between the negatively
charged state and the neutral charge state, NV0 (5, 6). Because the
NV0 state lacks the NV− state’s favorable spin properties, there
has been efforts to engineer stable NV− centers in diamond de-
vices (7). Studies have shown that the diamond surface termina-
tion strongly affects the charge state of NVs near the surface:
hydrogen surface termination increases the fraction of NV0 over
NV−, whereas oxygen surface termination has the opposite effect
(8). This dependence is due to the differences in band bending
that the two types of surface terminations induce in diamond
under ambient conditions. As illustrated schematically in Fig. 1B,
NV centers that are deep below the surface can be in the negative
charge state as the ENV0/− charge state transition level is below the
Fermi level, EF. Hydrogen terminated diamond surfaces have a
negative electron affinity (χ), which induces band bending near the
surface as the Fermi level equilibrates with surface adsorbate
states (μ) present in atmospheric conditions. Near the surface, this
upward band bending shifts the ENV0/− level above EF, converting
the near-surface NV centers to NV0. Band bending does not occur
to the same degree for strongly oxidized diamond surfaces as they
exhibit a large positive electron affinity and near surface NV
centers remain in the negative charge state (8). However, some

oxygen surface termination moieties such as hydroxyl groups can
result in either positive or negative electron affinities depending
on the type of surface reconstruction and crystallographic orien-
tation of the diamond surface, which can also induce upward band
bending in the diamond and affect the NV charge state (Fig. 1B)
(9–11). In addition to the neutral and negative charge states, the
NV center has been observed in a nonfluorescent state attributed
to the positively charged state NV+ (12–16). The large band bending
at hydrogenated surfaces can shift the corresponding ENV+/0 transi-
tion level and convert NVs closest to the surface from the NV0 state
to the nonfluorescent NV+ state (Fig. 1B).
Recently, studies on bulk diamonds demonstrated the ability

to control the charge state of near-surface NVs. By changing the
Fermi level of a hydrogen-terminated conductive surface in an
electrochemical cell, it was possible to modify the band-bending
and thus modulate the NV charge state (14). Alternatively, it is
possible to change the NV charge state by applying a lateral
electric field across NVs under an insulating, oxygen-terminated
diamond surface (15). Diamond p-i-n diode structures have also
been used to dynamically vary the charge state of NVs in the
intrinsic region (17, 18). An important question is whether
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similar techniques can also be applied to NVs in nanodiamonds
(NDs). NDs present a more complex environment for NVs than
the bulk crystal. Complexities include the NV’s distance to the
surface, the varying crystallographic orientations on individual sur-
faces, and the heterogeneity of functional groups. As a result of the
complex energy structure of any given ND and the inhomogeneity
between different NDs, it is difficult to predict how an NV’s charge
state responds to external fields, local charges, and voltage variations.
Understanding these relationships would be of great use for de-
veloping new sensing applications using fluorescent NDs.
In contrast to bulk diamond, NDs can be deployed into various

systems, such as cells and biological tissues, for imaging and sensing
applications, including thermometry (19), particle tracking in vivo
(20, 21), and superresolution localization (22–24). Here, we report
on the charge state and fluorescence dynamics of NV centers in
NDs located on the working-electrode/electrolyte interface of an
electrochemical cell. By varying the potential difference applied
across the NDs, it is possible to modulate the NV charge state and
fluorescence properties. We also show that this effect depends
strongly on the ND chemical surface termination. The ability to
control the NV charge state could improve spin-based sensing
applications (19, 20, 23, 25). Moreover, the charge state-dependent
fluorescence offers a previously unidentified technique for sensing
the NV’s local electrochemical environment. One promising appli-
cation may be the detection of neuronal action potentials. Indeed,
the biocompatibility of NDs (26) combined with the exceptional

brightness and photostability of NV centers have motivated great
interest in voltage imaging and biolabeling applications (25, 27–29).
To this end, we show below that the NV charge state and fluores-
cence are sensitive to voltage variations as low as 20 mV.

Results and Discussion
Fig. 1C shows the experimental apparatus. An electrochemical
cell consisting of an indium-tin-oxide (ITO)-coated coverslip is
positioned on an inverted microscope for wide-field or scanning
confocal imaging (Materials and Methods). The coverslips were
coated with NDs with different surface termination. The NV
centers were excited, and their fluorescence signal was collected
through the ITO-coated coverslip using a high numerical aper-
ture (NA = 1.4) 100× oil objective. A potentiostat was used to
apply a potential difference (Ψ app =Ψw −Ψ ref) between the ITO
working electrode (Ψw) and the Ag/AgCl reference electrode
(Ψ ref) immersed in an aqueous electrolyte solution. This applied
potential drops across the electric-double layer formed at the
ITO/electrolyte interface where the NDs are located. The ap-
plied potential changes the band bending inside the NDs and
varies the energy separation between the Fermi level (EF) and
the NV charge state transition levels (ENV0/− and ENV+/0). This
energy variation can be strong enough to shift the ENV0/− below or
above EF and cause switching of the NV charge state (SI Text).
We used this apparatus to study the voltage-dependent charge
state and fluorescence dynamics of two types of NDs: hydroxyl-
ated NDs with primarily hydroxyl surface termination groups and
hydrogenated NDs with primarily hydrogen surface termination
groups with mean sizes of 18 and 12 nm, respectively (Materials
and Methods and SI Text) (30).

Fig. 2A shows a wide-field fluorescence image of hydroxylated
NDs on the ITO working electrode under 532-nm excitation.
The image was acquired using a 650-nm long-pass (LP) filter to
preferentially detect NV− fluorescence. We applied triangular
voltage sweeps between +0.75 and −0.75 V (Fig. 2B, Upper)
while acquiring wide-field images with 100-ms exposure on an
electron multiplying charge coupled device (emCCD) camera.
From this series of images, we extracted the photoluminescence
(PL) time traces of each fluorescent spot (Materials and Meth-
ods). Fig. 2B shows the PL recordings of the three characteristic
spots highlighted in Fig. 2A. Individual traces are shown in the
panel on the left, and voltage-cycle averaged PL traces (solid
lines) with their SD (shaded region) are plotted on the right.
From the cycle-averaged PL, we calculated the maximum PL
modulation (ΔFmax) and SD (Fstd) for each spot. From these
measurements, we determined the fraction of NVs with signifi-
cant modulation, defined as ΔFmax=Fstd > 1.5. Of ∼4,300 NDs
measured on multiple samples, 21% satisfied this metric of
voltage-dependent PL modulation (Fig. 2C). The PL response is
not uniform, but varies for different NDs. This nonuniform be-
havior is clear from the PL traces for the three sites shown in Fig.
2B: the PL of spots A and B increase at negative voltages, whereas
the PL of spot C shows the opposite voltage dependence. To study
this variation of PL modulation, we categorized the cycle-
averaged PL into eight distinct types (types 1–8) shown on the left
panel of Fig. 2D. The distribution of the subsets of NDs that
exhibited voltage dependence is shown in Fig. 2D. Approximately
94% of detected spot PL modulation (types 1–3) were out of
phase with respect to the applied potential and showed an increase
in PL at negative potential differences, whereas 5% showed in-
phase response (types 4–6). Some spots exhibited a PL change that
was independent of the voltage polarity (types 7 and 8).
To investigate the role of the charge state in the PL modula-

tion, we studied isolated NDs exhibiting single NV fluorescence,
as determined by separate photon anti-bunching measurements
showing g2ð0Þ< 0.5 (SI Text). The cycle-averaged PL response of
such a single NV is shown in Fig. 3A. This NV center exhibited
the most common type 2 PL modulation, with a PL increasing
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Fig. 1. NV fluorescence and experimental setup schematic. (A) Fluorescence
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24% as the potential difference, Ψ app, was lowered from 0 to
−0.75 V. Fig. 3B shows the PL spectra for Ψ app equal to 0 (blue
line) and −0.75 V (red line), acquired with the confocal setup
(Materials and Methods). The spectra of single NVs typically reflect
rapidly switching NV0 and NV− charge states (5, 6). For Ψ app= 0 V,
the NV’s fluorescence spectrum exhibits dominant (75%) NV0

emission with a 25% NV− contribution, as estimated from a fit (SI
Text) to the NV− and NV0 spectra shown in Fig. 1A. The NV−

contribution increases to 45% at −0.75 V. The shaded region in Fig.
3B shows the difference between the two spectra above 650 nm. This
difference corresponds to an increase of 31% above 650 nm, which
approximately matches the 24% increase observed from the wide-
field measurements (Fig. 3A). We conclude that for hydroxylated
NDs, the voltage-dependent PL is primarily due to shifting of NV0

and NV− charge state distributions.
The change in the NV charge state can be qualitatively de-

scribed by band bending due to electric field across the ND. Even
without any applied external bias, the potential difference be-
tween the ITO and the Ag/AgCl electrodes due to their work
function differences leads to the formation of a built-in electric
field at the ITO/electrolyte interface. For the NV center in the
hydroxylated ND shown in Fig. 3, this built-in electric field results
in the ENV0/− level being slightly below EF and the NV primarily in
the neutral charge state. The applied potential difference changes
the electric field across the ND. This variation induces further
band bending that reduces the energy separation between ENV0/−

and EF at the position of the NV center, resulting in an increased
probability of the NV to be in the negative charge state. The re-
sults shown in Figs. 2 and 3 indicate that for the majority of
modulating NVs, lowering the potential of the ITO electrode with
respect to the reference electrode increases the NV− contribution
(modulation types 1–3). We attribute this imbalance in the voltage
dependence to the built-in potential difference at the ITO/elec-
trolyte interface. The distribution within the modulation types 1–3
is likely to be due to variations in the NV’s location in the ND and
the ND’s shape. The band bending at the NV’s exact location
depends on its distance to the surface, resulting in a range of re-
sponses to the same applied potential difference.
To investigate the influence of surface termination on the

voltage-dependent ND PL, we repeated the above described

experiments using NDs with hydrogenated surfaces (Materials and
Methods and SI Text). Consistent with previous results of NVs near
hydrogen-terminated surfaces (8), the PL of these NDs show
predominantly NV0 emission due to the increase in the near-sur-
face band bending. A 562-nm long-pass filter was used to detect
changes in the NV0 fluorescence. The results, summarized in Fig. 4,
were analyzed in the same manner as for the hydroxylated NDs
(Fig. 2). Fig. 4B shows the PL for the three representative fluo-
rescent spots indicated in Fig. 4A as Ψ app is swept between +0.5
and −0.5 V. Remarkably, of the ∼1,200 distinct NDs measured
across multiple samples, 89% showed an above-threshold PL
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Fig. 2. Wide-field fluorescence measurement results of hydroxylated NDs. (A) Typical wide-field fluorescence image of hydroxylated NDs on the ITO working
electrode. (B) Fluorescence time traces of three different spots under repetitive triangular voltage sweep extracted from wide-field measurements. (Right)
Average fluorescence (solid lines) and its SD (shaded region) for the eight voltage cycles. (C) Distribution of the maximum PL change (ΔFmax) normalized to the
SD of PL (Fstd) for each measured fluorescent spot. Of the ∼4,300 different fluorescent spots, 21% showed PL modulation larger than 1.5 Fstd. (D) Statistical
distribution of hydroxylated nanodiamond NV PL modulation due to the applied potential difference. PL modulation is categorized into eight types of
voltage responses. The majority (93.8%) of the NV centers exhibit increased PL at negative voltages and decreased PL at positive voltages, corresponding to
modulation types 1–3.
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modulation (Fig. 4C): a much larger percentage than for the hy-
droxylated NDs. In addition, these NDs also show a larger voltage
dependence with a normalized PL (ΔFmax=Fmean) of up to 110%
for a potential range of 0.75 to −0.75 V (SI Text). Moreover, the
modulation characteristics (Fig. 4D) are more uniform (types 1–3)
than for the hydroxylated NDs (Fig. 2D). This greater uniformity
would be beneficial for sensing applications.
Fig. 5A shows the average PL change as a function of Ψ app for

an isolated hydrogenated ND containing a single NV center, as
confirmed again by anti-bunching measurements (SI Text). As
Ψ app is increased, the NV PL drops, corresponding to modulation
type 3 shown in Fig. 4. We also performed spectral measurements
for an average Ψ app of 125 and 375 mV, shown in the red and blue
lines in Fig. 5B. The fluorescence spectra only show NV0 emission
and negligible contribution from NV− for both bias voltages. In-
creasing the bias voltage decreases the NV0 fluorescence without
any changes in the NV−. The observed decrease in NV0 could be
either due to an increase in the nonradiative decay rate of the NV
center or due to the switching of the NV center from the fluo-
rescent NV0 to a nonfluorescent dark state that is commonly at-
tributed to the NV+ charge state (14–16). A change in nonradiative
decay rate would result in a change of NV excited state lifetime.
However, we did not observe a significant change in fluorescence
lifetime due to Ψ app (SI Text). Therefore, we conclude that the PL
variation is due to switching between the bright NV0 and the dark
NV+ charge states with Ψ app. Within the band bending picture, this
indicates that applying a positive potential to the ITO increases
band bending and pushes the ENV+/0 level further above EF.
We attribute the significant increase in the number of NV

centers that show voltage-dependent PL in hydrogenated NDs to
two effects: the large band-bending induced by hydrogen surface
termination and the conductive properties of hydrogenated di-
amond surface. The NV charge state is determined by the po-
sition of the charge state transition levels ENV0/− and ENV+/0 with
respect to EF inside the diamond. Hydrogen termination of the
ND surfaces results in a stronger band bending compared with
hydroxyl termination. The increased band bending accounts for
the greater fraction of NV0 centers in hydrogen terminated di-
amond (Fig. 1B). The increase in the number of modulating NV
centers therefore suggests that the average energy difference

between ENV0/− and EF in hydroxylated NDs is larger than the
average energy difference between ENV+/0 and EF in hydroge-
nated NDs. Thus, a larger external potential difference would be
required to perturb the NV charge state in the hydroxylated NDs
compared with hydrogenated NDs. Furthermore, unlike hydroxyl
terminated diamond, hydrogen terminated diamond surfaces are
conductive due to the formation of a surface hole accumulation
layer (8). Consequently, charge transfer between the ITO elec-
trode and hydrogenated NDs’ surface could occur. Such charge
transfer to localized surface states would change the ND surface
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0

1.0

550 600 650 700 750 800
Wavelength (nm)

In
te

ns
ity

 (
a.

u.
)

I(0.375V)
I(0.125V) 

I

1.2

0.8

0.6

0.4

0.2

P
L 

In
te

ns
ity

 (a
.u

.)A

B

0 1 5 6 10

0

Time (s)

1.8

1.7

1.6

1.5
2 3 4 7 8 9

-0.4

0.2

-0.2

0.4 Ψ
app  (V

)

Fig. 5. Voltage-dependent fluorescence of a single NV center in a hydro-
genated ND. (A) Cycle-averaged mean PL response to applied potential dif-
ference, obtained from the wide-field data similar to Fig. 4B, for an isolated
single NV center. (B) PL spectrum of the same NV center obtained by applying
a 250-mV amplitude square-wave voltage with a DC bias of 125 and 375 mV,
corresponding to an average Ψapp of 0.125 (blue) and 0.375 V (red), re-
spectively. Both spectra show purely NV0 fluorescence, with the difference
between the two showing that the PL change is due to a decrease in NV0

fluorescence.

Karaveli et al. PNAS | April 12, 2016 | vol. 113 | no. 15 | 3941

A
PP

LI
ED

PH
YS

IC
A
L

SC
IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504451113/-/DCSupplemental/pnas.201504451SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504451113/-/DCSupplemental/pnas.201504451SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504451113/-/DCSupplemental/pnas.201504451SI.pdf?targetid=nameddest=STXT


potential and affect the near-surface band bending. In addition,
charging of the ND can also alter the Fermi level in the ND. Both of
these effects will strongly influence the energy difference between
ENV+/0 and EF, and thus NV’s charge state, which could result in an
increased percentage of NVs demonstrating voltage-dependent PL.
To investigate the possibility of charge transfer, we repeated

the wide-field measurements in Figs. 2 and 4 on ITO electrodes
with a 5-nm-thick coating of alumina (Al2O3) acting as a spacer
between the ITO and the NDs (Materials and Methods and SI Text).
For hydroxylated NDs, we observe a decrease, from 23% to 13%,
in the number of NVs showing voltage-dependent PL, whereas for
hydrogenated NDs, we observe a drastic decrease, from 89% to
∼1% (SI Text). These findings suggest that there are two dif-
ferent mechanisms by which the applied potential difference can
modulate the charge state of the NV. For the hydroxylated NDs,
the persistence of PL modulation in the presence of the alumina
spacer suggests that the charge state modulation results from
band-bending induced by the electric field generated by the po-
tential difference across the ND. A similar electric field-induced
effect has previously been observed in NV centers under the in-
sulating regions of an in-plane field effect diamond device (15).
However, for the hydrogenated NDs, almost no modulation was
observed when the conductive diamond surface was not in direct
electrical contact with the ITO electrode. This lack of modulation
indicates that for hydrogenated NDs, band bending induced by
charge transfer to the ND surface is the dominant mechanism by
which the applied potential difference modulates the NV charge
state. Although electric field-induced band bending could also
occur for hydrogenated NDs on the alumina spacer layer, our
results suggest that screening of the electric fields by the con-
ductive surface surrounding the NDs reduces this effect.
The sensitivity of the NV charge state and PL to external fields

and potential changes could enable applications for sensing the
local electrochemical environment, e.g., for neuronal voltage imag-
ing. For hydroxylated NDs, the electric field due to the ∼ 100-mV
variation in the neuron cell membrane potential could induce

changes to the NV’s charge state and result in detectable PL
modulation. One possible complication for this application is that
the potential away from the cell membrane is rapidly screened due
to the nanometer-scale Debye length in biological media. This
challenge may be mitigated by using small (5–15 nm) NDs em-
bedded inside the membrane. Our results indicate that the fluo-
rescence of hydrogenated NDs is not directly sensitive to external
electric fields but instead requires charge transfer to the ND
surface to induce band bending, in agreement with previous
studies on hydrogen terminated bulk diamond. Functionalizing
the ND surface with charged molecules or polymers could provide
a mechanism for such charge transfer. For example, it has been
shown that electrical activity in cells can be detected by the use of
voltage-dependent charge transfer from molecular wires to a
fluorescent reporter (31, 32). Functionalizing hydrogenated NDs
with similar molecular wires could provide the necessary charge
movement and allow their use as voltage indicators. To gauge the
expected performance of both hydroxylated and hydrogenated
NDs, we tested their PL response to biologically relevant potential
fluctuations at timescales that approach action potential in mam-
malian neurons using wide-field fluorescence imaging. Fig. 6A
shows the PL intensity trace for two separate single NV centers in
the hydroxylated NDs acquired with a camera exposure time of
100 ms. Both NVs exhibited clear PL modulation as a function of
Ψ app. We observed the strongest PL response when a bias voltage
of −400 mV was applied to the modulation signal (see SI Text for
the statistical distribution of DC bias point at which each NV
showed the highest PL response). We also performed similar ex-
periments on hydrogenated NDs. Because hydrogenated NDs are
hydrophobic, they formed agglomerates on the hydrophilic ITO
surface. Therefore, diffraction limited spots of hydrogenated NDs
typically contained multiple NDs and NV centers, improving the
signal to noise ratio of the measurement. Consequently, we were
able to observe a clear PL response from individual clusters for
voltage pulses as short as 5 ms and amplitude variations as small as
100 mV with a 2-ms camera exposure time (Fig. 6B). Shorter
voltage pulses could not be detected due to the large RC time
constant (5–30 ms) of the large surface area electrochemical
cells used in this study. The time traces shown in Fig. 6 A and B
are for individual fluorescent spots of NDs, with the green PL
trace in Fig. 6A corresponding to the same single NV center as in
Fig. 3. By integrating the signal of 12 distinct fluorescent spots
across the image, 20-mV signals were detectable with a 33-ms
exposure time (Fig. 6C).
Compared with optical voltage indicators that broadly stain

cell membranes, sparse ND-based indicators could enable volt-
age recording from single subdiffraction limited sites and re-
duced background (33). In addition to the NV center, numerous
other fluorescent defect centers in diamond and other semi-
conductor materials (e.g., SiC) have been investigated for
quantum information and sensing applications (12, 34, 35). Such
fluorescent defects can be stable in ultrasmall crystals: the SiV
center has been observed in NDs as small as 1.6 nm in diameter (36).
Many of these fluorescent defects are likely to also exhibit charge
state and fluorescence modulation via the electrochemical
environment.
In summary, we demonstrated the modulation of the charge

state and fluorescence of NV centers in NDs in an electro-
chemical cell. The NV fluorescence response depends strongly
on the ND surface termination, which affects both the underlying
mechanism and the overall fraction of modulating NVs. For hy-
droxylated NDs, we observed shifting between the NV0 and NV−

charge states. This charge state variation is attributed to changes
in electric field induced band-bending inside the diamond in re-
sponse to an applied potential difference. On the other hand, for
hydrogenated NDs, we observe shifting of the NV charge state
between NV0 and a nonfluorescent state. We attribute this switching
mechanism to charge transfer between the NDs and the ITO
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Fig. 6. Detection of small voltage variations. (A) PL time traces of two iso-
lated hydroxylated NDs to 100-mV voltage changes. (B) PL time trace of a
hydrogenated ND cluster to 5-ms, 100-mV square voltage pulses. (C) PL time
trace of multiple ND clusters to 20-mV voltage changes.
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electrode. Our results suggest the utility of NV-NDs for fluores-
cence-based sensing of electrochemical potential changes. Because
of the strong PL modulation, which can be as high as Δ Fmax/Fmean =
110%, it is possible to observe electric potential variations of 100 mV
even with a single NV emitter. By collecting signal from several NVs,
the detection of potential changes as low as 20 mV and a setup-
limited temporal response down to 5 ms was achievable. This strong
dependence of the NV charge state to the electrochemical envi-
ronment promises an optical nanometer-scale sensing modality for
the physical and life sciences.

Materials and Methods
Electrochemical Cell. ITO-coated coverslips (30–60 Ω/sq; SPI Supplies) were
cleaned with acetone, isopropyl alcohol, and oxygen plasma. A cylindrical
polypropylene tube was subsequently epoxied onto the ITO coverslip. This
electrochemical cell contained ∼750 μL electrolyte at room temperature. The
aqueous electrolyte consisted of 100 μM potassium chloride (KCl) with
phosphate buffer (10 mM Na2PO4 and 1.8 mM KH2PO4) that stabilized the
pH to 7.7. The NDs were deposited on the ITO coverslips from an aqueous
solution or toluene and heated to remove the solvent. The NDs were derived
from high-pressure high-temperature (HPHT) diamond and were irradiated
and annealed to induce NV centers. The mean sizes of the hydroxylated and
hydrogenated diamonds are 18 ± 8 and 12 ± 5 nm, respectively [see SI Text
for transmission electron microscopy (TEM) analysis]. The surface termina-
tion moieties were confirmed by FTIR (SI Text). The electrochemical poten-
tials were applied using a potentiostat (CH Instruments; 630D) in a three-
electrode setup consisting of the ITO working electrode, a platinum wire (CH
Instruments) counter electrode, and a leak-free reference electrode (Harvard
Apparatus). The alumina (Al2O3)-coated ITO working electrode was fabri-
cated by deposition of 5 nm alumina with atomic layer deposition.

Experimental Setup. The experiments were performed on an inverted micro-
scope (Zeiss Axiovert 200M) equipped with an immersion oil objective (Zeiss
Planapochromat 100× NA = 1.4). For wide-field fluorescence measurements, a

300-mW, 532-nm continuous wave (CW) laser was focused to the back aper-
ture of the objective to illuminate an ∼42-μm-diameter area on the electro-
chemical cell. The fluorescence signal from NV centers was collected with the
same objective, filtered using either a 562- or 650-nm long-pass filter, and
imaged on an emCCD camera (Photometrics Cascade 1k, Photometrics 128+,
and Hamamatsu C9100-13). The synchronization of the potentiostat voltage
and the camera frames was performed with a data acquisition board (NI-DAQ
6553). The voltage-dependent PL recordings of each fluorescent spot were
obtained by the analysis of the wide-field measurements using custom
MATLAB routines. Confocal measurements were performed with a home-built
laser scanning microscopy setup implemented on the side port of the same
microscope. In short, the 532-nm excitation laser focused to a diffraction lim-
ited spot was scanned on the sample surface using two galvanometer mirrors
located on a plane conjugate to the microscope objective back aperture. The
fluorescence signal was collected with the same path, spectrally filtered with
either a 550-nm long-pass or a 550- to 600-nm band-pass filter, and imaged on
a single mode optical fiber connected to a single avalanche photodiode (APD)
or spectrometer. Spectral measurements were performed by connecting the
collection fiber to a grating spectrometer (SP2500i; Princeton Instruments)
equipped with a CCD camera (PIXIS 1024B; Princeton Instruments). Note that
the fast oscillations observed in the spectra shown in Figs. 1A, 3B, and 5B are
due to the etaloning effect on the CCD camera.
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SI Text
Band Bending-Induced NV Charge State Shifting in NDs. Previous
work byGrotz et al. (14) investigated variations of the charge state
of NV centers located near the surface of a bulk diamond in
contact with an electrolyte. This study used numerical modeling
using the nextnano numerical simulation package, which can self-
consistently solve for the coupled Schrodinger-Poisson equation
(37, 38). We used the same software package to calculate the
energy band structure of the ITO/ND/electrolyte system and to
investigate how a potential difference applied between the ITO
working electrode and the reference electrode affects the band
bending inside the ND and the NV charge state. Specifically, we
performed 2D simulations of an 18-nmND in contact with an ITO
working electrode (modeled as a metal) and surrounded by an
electrolyte (Fig. S1A). The simulation parameters for the dia-
mond are as follows (14): T = 298 K; diamond band gap = 5.47 eV;
valence band masses = 2.18, 0.7, and 1.06 m0; nitrogen concen-
tration = 100 ppm; NV0/− charge state transition level, ENV0/− =
2.8 eV+ EV; electrolyte= 10mM phosphate buffer with 100 μMKCl.
Fig. S1A shows the calculated 2D map of the valence band

maxima with respect to the reference electrode at 0 V. As dis-
cussed in the main text, the charge state of an NV center depends
on the energy difference between the charge state transition level
(ENV0/−) and the Fermi level (EF) (see Fig. 1B and related discus-
sion). The green area in Fig. S1A shows the region for which
ENV0/− < EF. An NV center located within this region would be in
the negative charge state. As the voltage applied to the working
electrode is varied, the energy separation between ENV0/− and
EF changes. At +0.5 V (Fig. S1B), as ENV0/− is above EF throughout
the ND, the NVs are in the neutral charge state. At −0.5 V, on the
other hand, ENV0/− crosses below EF for a significant portion of
the ND, and a higher percentage of NVs is in the negative
charge state (green area in Fig. S1C). The diamond energy band
diagram for the horizontal cross-section delineated with the
dashed line in Fig. S1A for all three applied potential differences
is shown in Fig. S1D. These simulations qualitatively show how the
applied potential difference modifies the NV charge state. It
should be noted, however, that these simulations do not capture
all of the complexities arising from the multiple NV facets, surface
groups, ND size, etc.

ND Surface and Size Characterization. We studied the voltage de-
pendence of two types of NDs with different surface termination
groups. Fig. S2 shows the FTIR transmission spectra of hydroxyl-
ated and hydrogenated NDs. The ND type identified as hydrox-
ylated NDs in the main text have a surface structure that includes
both carboxylic acid (-COOH) and alcohol (-OH) moieties (Fig.
S2A) (30). On the other hand, the hydrogenated NDs (Fig. S2B)
have strong stretching (C-H)ν modes from 2,800 to 2,900 cm−1 and
weaker bending modes (C-H)δ from 1,360 to 1,500 cm−1 (39).
Carbon-oxygen moieties are still present as evidenced by (C-O)ν at
1,100 cm−1, whereas the acid vibration is no longer present.
The size distribution of the two types of NDs was characterized

by TEM. TEM analysis of the hydroxylated and hydrogenated
NDs used in this study are not statistically distinct. For TEM
analysis, the samples were deposited from colloidal solutions
(10 μg/mL) onto holey carbon-coated Cu grids (Ted Pella; 01824)
and imaged on a FEI Tecnai Spirit microscope operating at
120 keV. Images were analyzed using the ImageJ software
package. The area of individual particles was measured using a
free-hand drawing tool, and a sample set of 100 particles was
analyzed. The diameter was estimated by assuming a spherical

particle of cross-sectional area πr2. Histograms of the ND di-
ameter for the two samples (Fig. S3) were generated for bin sizes
of 3 nm and a total of 25 bins. Both average and SD were cal-
culated directly from the 100 NDs sampled for each of the two
samples.

Single NV in Hydroxylated ND.To confirm that the observed voltage
dependent fluorescence signal and charge state shifting shown in
Fig. 3 originate from a single NV center in a hydroxylated ND, we
measured the second-order autocorrelation as a function of
applied potential difference (Ψ app). Using a fiber based Hanbury-
Brown-Twiss (HBT) setup, we recorded the photon arrival times
on two APDs using the time-tagging mode of a PicoHarp 300
time-correlated single photon counting system. At the same
time, the electrochemical potential was varied between two Ψ app
voltages every 60 s. Fig. S4A shows the total count rate on both
APDs while the Ψ app is varied between the low PL state at 0V
(red) and the high PL state at −0.75V (blue). To compensate for
sample drift, the confocal spot was readjusted every 60 s to the
maximal PL signal position, which resulted in the PL dips ob-
served in the middle of each voltage cycle. The second-order
autocorrelation results [g2ðτÞ] obtained from the photon arrival
times for the two different Ψ app values are shown in Fig. S4B
without background subtraction. The results show the anti-
bunching at zero delay and bunching at short delay times typically
observed for NV centers. Most importantly, the anti-bunching dip
at g2ð0Þ reaches 0.27 and 0.17, respectively, for 0 and −0.75 V. The
g2ð0Þ< 0.5 shows that the PL signal is due to a single NV center
and that an additional emitter is not being turned on or off due to
the applied potential difference.
As discussed in the main text, we recorded the PL spectrum of

an NV center in a hydroxylated ND for two different Ψ app values
(Fig. 3). The single NV center’s spectrum exhibited PL signal
from both NV0 and NV−. To quantify the PL contribution from
each NV charge state, we fit the PL spectra at each Ψ app (blue lines,
Fig. S5) to a linear superposition of the NV0 and NV− spectra
shown Fig. 1A using Ifit = ð1− ρÞINV 0 + ρINV−. From these fits (red
lines) we deduce that the NV− contribution, ρ, increases from ∼ 25%
at 0 V (Fig. S5A) to ∼ 45% at −0.75 V. We notice that the position
of the NV0 zero-phonon-line (ZPL) acquired at the two voltages
does not match that of the reference spectrum perfectly. Further-
more, the ZPL shifts from 575.9 nm at 0 V (Fig. S5A) to 577.6 nm
at −0.75 V (Fig. S5B), which is indicative of a large DC Stark shift.
To first order, the linear Stark shift of an electronic transition (Δν)
due to a local electric field (F) is given by hΔν=−Δμ ·F. Although
there has been no systematic study of DC Stark shift of the NV0

ZPL, studies on NV− have obtained Δμ of up to 1.5 Debye. As-
suming that the NV0 would exhibit a similar dipole moment
change, the 1.7-nm ZPL shift we observe indicates a local electric
field on the order of 108 V/m. This value is on the same order of
magnitude as the electric field due to the electrochemically applied
potential change of 0.75 V dropping over a Debye length of
∼ 1− 10 nm.

Single NV in Hydrogenated ND. Fig. 5B shows the PL spectra for a
single NV0 center in a hydrogenated ND. The single emitter
nature of the NV center was confirmed by second-order auto-
correlation measurements (Fig. S6C). The applied potential
difference (Ψ app) affects the NV0 PL intensity only, and no
contribution from the NV− state is observed. The change in the
NV0 PL can be attributed to the transition of the NV center from
the neutral NV0 to the nonfluorescent positively charged NV+
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state that has been recently reported in bulk diamond (14, 15).
Another potential cause of the PL modulation in hydrogenated
NDs is the voltage-dependent variations on the nonradiative
decay processes. For a single emitter, the PL intensity is di-
rectly proportional to the quantum efficiency (QE), which de-
pends on the radiative (kR) and nonradiative (kNR) decay rates:
PL∝QE= kR=ðkR + kNRÞ. Consequently, an increase in the
nonradiative decay rate would result in reduced PL intensity.
Variations in the nonradiative decay rate would also result in
different excited state lifetimes (τ) as τ−1 = kR + kNR. We performed
time-resolved PL measurements on the NV0 fluorescence to obtain
the lifetime at different Ψ app values. To this end, the NV center was
excited using a pulsed supercontinuum laser (superK Extreme;
NKT Photonics) whose output was filtered with a 10-nm band-pass
filter centered at 532 nm. The 78-MHz pulse repetition rate was
reduced to 13 MHz using an electro-optic modulator-based pulse
picker setup. Periodic square-wave voltage pulses of 0.5 V were
applied (Fig. S6A), whereas the PL signal from NV0 was detected
with a single APD and time-tagged with respect to the laser pulse
using a time-correlated single photon counting system (PicoHarp
300). The time-tagged photons arrival events were then used to
obtain both the PL count rate (Fig. S6B) and PL decay traces (Fig.
S6D). The PL decay traces were fit to a single exponential decay,
IðtÞ= I0 expð−t=τÞ+C, to obtain the excited state lifetime. Fig. S6D
shows two PL decay traces obtained at 0 (red) and +0.5 V (blue).
The corresponding fits (dashed lines) show that the lifetime stays
constant at ∼27 ns, even though the PL count rate decreases as
seen in Fig. S6B. This constant lifetime indicates that nonradiative
decay processes do not play a significant role in the voltage-de-
pendent PL. We thus conclude that the PL variation is due to
switching between the fluorescent NV0 and the nonfluorescent
NV+ charge states.

Voltage-Dependent PL Statistics. We observed variations in the
voltage-dependent PL modulation for both hydroxylated and
hydrogenated NDs. From wide-field measurements (similar to
Figs. 2 and 4), we obtain the PL recordings as a function of the
applied potential difference for each fluorescent spot by averaging
the signal over a circle of five pixels in diameter (Figs. 2B, Left, and
4B, Left). We then average the PL signal over the periodically
repeated voltage cycles. Fig. S7A shows an example of the cycle-
averaged PL (solid red line) and its SD (shaded red area) for one

voltage cycle. As discussed in the main text, we label a fluorescent
spot as having a voltage dependent PL if the maximal PL change
(ΔFmax =Fmax −Fmin) is larger than 1.5 times the SD of the PL
signal (Fstd). With this threshold definition, we observed that,
compared with the hydroxylated NDs, a significantly higher
percentage (89%) of the hydrogenated NDs showed voltage-
dependent PL (Figs. 2C and 4C). From the PL recordings we
also calculate the average PL as a function of Ψ app (Fig. S7B),
which we used to identify the DC bias voltage at which the
differential PL change (dF=dV) was the highest.

After identifying all of the spots showing PLmodulation, we first
sought to quantify the response of the PL change to the applied
potential difference for each fluorescent spot. Fig. S8 shows the
distribution of the modulation depth, defined as the maximum PL
change (ΔFmax =Fmax −Fmin) normalized to the mean PL signal of
that spot [Fmean = ðFmax +FminÞ=2], for both hydroxylated and hy-
drogenated NDs.
As shown in the PL time traces in Fig. S7, as well as Figs. 2B

and 4B, the relation between the PL signal and applied potential
difference is not linear. For example, in Fig. 4B, the spot high-
lighted in red shows large PL change at negative Ψ app and little
variation at positive Ψ app, whereas the opposite is true for the spot
highlighted in purple. To characterize such differences, we iden-
tified the bias Ψ app voltage (Vdc) for which the PL change for an
applied potential difference was at a maximum [i.e., maxðdF=dV Þ]
(Fig. S7). Fig. S9 shows the distribution of the DC bias voltages for
(A) hydroxylated and (B) hydrogenated NDs, and themaxðdF=dV Þ
normalized to F0 =FðVdcÞ, which is the fluorescence intensity av-
eraged over each modulating spot at that DC bias voltage value
(Fig. S7).

Alumina-Coated ITO Working Electrode Results. To study the pos-
sibility of charge transfer between the ITO working electrode and
the ND surface, we repeated the experiments summarized in Figs.
2 and 4 with ITO working electrodes coated with 5 nm Al2O3
using atomic layer deposition. Fig. S10 shows the maximum PL
change (ΔFmax) normalized to the SD of the PL signal (Fstd) for
(A) hydroxylated and (B) hydrogenated NDs. For hydroxylated
NDs, we observe a decrease, from 23% to 13%, in the number
of NVs showing voltage dependence, whereas for hydroge-
nated NDs, we observe a more significant decrease (from 89%
to ∼1%).
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Fig. S1. Numerical simulation result of the energy band diagram of the ITO/nanodiamond/electrolyte system. 2D map of the valence band maxima for (A)
0, (B) +0.5, and (C ) −0.5 V. The regions for which ENV0/− < EF are highlighted in green. (D) Energy band diagram of the cross-section highlighted in A for the
three applied potential differences.

Fig. S2. FTIR spectra of (A) the hydroxylated nanodiamonds and (B) hydrogenated nanodiamonds. (A) (O-H)ν modes on the diamond surface are observed at
2,700–3,500 cm−1 due to adsorbed water, whereas the (O-H)δ can be seen at 1,640 cm−1. The (C = O)ν mode at 1,780 cm−1 and (C-O)ν at 1,100 cm−1 is still
observed due to acids and alcohols. (B) (C-H)ν modes on the ND surface are observed at 2,800–2,900 cm−1, whereas the (C-H)δ can be seen at 1,360–1,500 cm−1.
The (C-O)ν mode at 1,100 cm−1 is still observed due to alcohols, whereas a sharp mode at 1,260 cm−1 is believed to be (C = C)ν.
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Fig. S3. (A) Histograms of the diameters of the two types of HPHT NDs used in this study. The histograms were generated from size measurements of TEM images
taken from each sample. The hydrogenated NDs have size of 12 ± 5 nm and the hydroxylated NDs have a size of 18 ± 8 nm, based on a 100 ND ensemble. The size
was estimated from the TEM analysis with a spherical particle shape model as described in the procedure. (B) A representative TEM image.
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Fig. S4. (A) Fluorescence time trace measurements for the same NV center for a rectangular voltage signal acquired with a fiber-based confocal HBT setup.
(B) Second-order autocorrelation result obtained from the analysis of photon arrival times at two different Ψapp values shown in A.
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Fig. S6. Single NV in hydrogenated nanodiamond lifetime analysis. Applied potential difference (A) and corresponding PL time traces (B) of a single NV center
as determined from second-order autocorrelation measurements (C). PL decay traces (D) at 0 (red) and 0.5 V (blue) together with the instrument response
function (IRF) and the fits to decay traces (dashed lines).
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Fig. S10. Distribution of the maximum PL change (ΔFmax) normalized to the SD of PL (Fstd) for each measured fluorescent spot in (A) hydroxylated and
(B) hydrogenated NDs on 5 nm Al2O3-coated ITO electrodes. (A) For hydroxylated NDs, 13% of 222 measured fluorescent spots showed PL change larger
than 1.5 Fstd. (B) For hydrogenated NDs, 1.2% of 728 measured fluorescent spots showed PL change larger than 1.5 Fstd.
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