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Description

Field of Invention

[0001] Certain embodiments of the present invention
relate to the analysis of chemical species in solution using
spectroscopic and, optionally, electrochemical sensing
techniques and particularly using synthetic electrically
conductive diamond electrodes in such techniques.

Background of invention

[0002] Electrochemical sensors are well known. It has
also been proposed in the prior art to provide a diamond
based electrochemical sensor. Diamond can be doped
with boron to form semi-conductive or fully metallic con-
ductive material for use as an electrode. Diamond is also
hard, inert, and has a very wide potential window making
it a very desirable material for use as a sensing electrode
for an electrochemical cell, particularly in harsh chemical,
physical, and/or thermal environments which would de-
grade standard metal based electrochemical sensors. In
addition, it is known that the surface of a boron doped
diamond electrode may be functionalized to sense cer-
tain species in a solution adjacent the electrode.
[0003] One problem with using diamond in such appli-
cations is that diamond material is inherently difficult to
manufacture and form into suitable geometries for so-
phisticated electrochemical analysis. To date, diamond
electrodes utilized as sensing electrodes in an electro-
chemical cell have tended to be reasonably simple in
construction and mostly comprise the use of a single
piece of boron doped diamond configured to sense one
physical parameter or chemical species at any one time.
More complex arrangements have involved introducing
one or more channels into a piece of boron doped dia-
mond through which a solution can flow for performing
electrochemical analysis. However, due to the inherent
difficulties involved in manufacturing and forming dia-
mond into multi-structural components, even apparently
relatively simple target structures can represent a signif-
icant technical challenge.
[0004] In terms of prior art arrangements, WO
2005012894 describes a microelectrode comprising a
diamond layer formed from electrically non-conducting
diamond and containing one or more pin-like projections
of electrically conducting diamond extending at least par-
tially through the layer of non-conducting diamond and
presenting areas of electrically conducting diamond at a
front sensing surface. In contrast, WO2007107844 de-
scribes a microelectrode array comprising a body of dia-
mond material including alternating layers of electrically
conducting and electrically non-conducting diamond ma-
terial and passages extending through the body of dia-
mond material. In use, fluid flows through the passages
and the electrically conducting layers present ring-
shaped electrode surfaces within the passages in the
body of diamond material.

[0005] More recently, it has been proposed that high
aspect ratio boron doped diamond electrodes have im-
proved sensing capability when compared with other bo-
ron doped diamond electrode arrangements. That is, it
has been found to be highly advantageous to provide
boron doped diamond electrodes which have a high
length / width ratio at a sensing surface. Furthermore, it
has been found that an array of high aspect ratio boron
doped diamond electrodes providing a band sensor
structure can be utilized to provide multiple sensing func-
tions.
[0006] The previously described arrangements may
comprise optically opaque, electrically conductive boron
doped diamond electrodes spaced apart by optically
transparent, non-conductive intrinsic diamond layers.
The optically opaque, electrically conductive boron
doped diamond electrodes can be driven to perform elec-
trochemical measurements of species in aqueous solu-
tion. It has also been suggested that electrochemical
techniques can also be combined with optical techniques
such as spectroscopic measurements by using the non-
conductive intrinsic diamond layers as an optical window
as described in WO2007/107844. As such, electrochem-
ical measurements can be performed at the optically
opaque, electrically conductive boron doped diamond
electrodes and optical measurements of the solution can
be performed through non-conductive intrinsic diamond
layers.
[0007] Swain et al. describe a combined electrochem-
istry-transmission spectroscopy technique for analysing
chemical species in solution. The technique uses an elec-
trochemical cell comprising an optically transparent car-
bon electrode (e.g. a thin film of boron-doped diamond
on an optically transparent substrate), a thin solution lay-
er, and an optical window mounted opposite the optically
transparent carbon electrode such that transmission
spectroscopy can be performed on species within the
solution. The optically transparent carbon electrode is
used to oxidize and reduce species in the solution. In situ
IR and UV-visible spectroscopy is performed through the
optically transparent carbon electrode to analyse dis-
solved species in the solution. Dissolved species which
have different IR and UV-visible spectra in different oxi-
dation states can be analysed. Although boron-doped
diamond material is opaque at high boron concentra-
tions, thin films of such material have a reasonable optical
transparency. It is described that the ability to cross-cor-
relate electrochemical and optical data may provide new
insights into the mechanistic aspects of a wide variety of
electrochemical phenomena including structure-function
relationships of redox-active proteins and enzymes,
studies of molecular absorption processes, and as a dual
signal transduction method for chemical and biological
sensing [see "Measurements: Optically Transparent
Carbon Electrodes" Analytical Chemistry, 15-22, 1 Jan
2008, "Optically Transparent Diamond Electrode for Use
in IR Transmission Spectroelectrochemical Measure-
ments" Analytical Chemistry, vol. 79, no. 19, October 1,
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2007, "Spectroelectrochemical responsiveness of a free-
standing, boron-doped diamond, optically transparent
electrode towards ferrocene" Analytica Chimica Acta
500, 137-144 (2003), and "Optical and Electrochemical
Properties of Optically Transparent, Boron-Doped Dia-
mond Thin Films Deposited on Quartz" Analytical Chem-
istry, vol. 74, no. 23, 1 Dec 2002]. Zhang et al. have also
reported the use of an optically transparent boron-doped
diamond thin film electrode for performing combined
electrochemistry-transmission spectroscopy analysis
[see "A novel boron-doped diamond-ciated platinum
mesh electrode for spectroelectrochemistry" Journal of
Electroanalytical Chemistry 603. 135-141 (2007)].
[0008] As an alternative to analysing chemical species
while in solution as described above, one useful electro-
chemical analysis technique involves applying a suitable
voltage to a sensing electrode to electro-deposit chemi-
cal species out of solution onto the sensing electrode and
then change the voltage to strip the species from the
electrode.
[0009] Different species strip from the electrode at dif-
ferent voltages. Measurement of electric current during
stripping generates a series of peaks associated with dif-
ferent species stripping from the sensing electrode at dif-
ferent voltages. Such a stripping voltammetry technique
can be used to analyse heavy metal content.
[0010] The use of a boron-doped diamond sensor in a
stripping voltammetry technique has been described in
US7883617B2 (University of Keio). Jones and Compton
also describe the use of a boron-doped diamond sensor
in stripping voltammetry techniques [see "Stripping Anal-
ysis using Boron-Doped Diamond Electrodes" Current
Analytical Chemistry, 4, 170-176 (2008)]. This paper in-
cludes a review which covers work on a wide range of
analytical applications including trace toxic metal meas-
urement and enhancement techniques for stripping vol-
tammetry at boron-doped diamond electrodes including
the use of ultrasound energy, microwave radiation, lasers
and microelectrode arrays. In the described applications
a boron-doped diamond material is used for the work-
ing/sensing electrode in combination with standard coun-
ter and reference electrodes.
[0011] McGraw and Swain also describe using strip-
ping voltammetry to analysis metal ions in solution using
an electrochemical cell comprising a boron-doped dia-
mond working electrode in combination with standard
counter and reference electrodes (a carbon rod counter
electrode and a silver/silver chloride reference elec-
trode). It is concluded that boron-doped diamond is a
viable alternative to Hg for the anodic stripping voltam-
metry determination of common metal ion contaminants
[see "A comparison of boron-doped diamond thin-film
and Hg-coated glassy carbon electrodes for anodic strip-
ping voltammetric determination of heavy metal ions in
aqueous media" Analytica Chimica Acta 575, 180-189
(2006)].
[0012] In addition to the stripping voltammetry tech-
niques described above, it is also known to use spectro-

scopic techniques for analysing electro-deposited films.
For example, Peeters et al describe the use of cyclic vol-
tammetry to electrochemically deposit cobalt and copper
species onto a gold electrode using a three electrode cell
comprising a saturated calomel reference electrode, a
carbon counter electrode, and a gold working electrode.
The gold electrodes comprising electrochemically de-
posited cobalt and copper species were subsequently
transferred to a synchrotron radiation X-ray fluorescence
(SR-XRF) facility for SR-XRF analysis to determine the
heterogeneity of the deposited layers and the concentra-
tions of Co and Cu. A comparison of SR-XRF results with
electrochemical data was used to investigate the mech-
anism of thin film growth of the cobalt and copper con-
taining species [see "Quantitative synchrotron micro-
XRF study of CoTSPc and CuTSPc thin-films deposited
on gold by cyclic voltammetry" Journal of Analytical
Atomic Spectrometry, 22, 493-501 (2007)].
[0013] Ritschel et al. describe electrodeposition of
heavy metal species onto a niobium cathode. The nio-
bium cathode comprising the electrodeposited heavy
metal species is then transferred to a total reflection X-
ray fluorescence (TXRF) spectrometer for TXRF analysis
[see "An electrochemical enrichment procedure for the
determination of heavy metals by total-reflection X-ray
fluorescence spectroscopy" Spectrochimica Acta Part B,
54, 1449-1454 (1999)].
[0014] Alov et al. describe electrodeposition of heavy
metal species onto a glass-ceramic carbon working elec-
trode. A standard silver chloride reference electrode and
a platinum counter electrode were used in the electro-
chemical cell. The glass-ceramic carbon working elec-
trode comprising the electrodeposited heavy metal spe-
cies is then transferred to a total reflection X-ray fluores-
cence (TXRF) spectrometer for TXRF analysis [see "To-
tal-reflection X-ray fluorescence study of electrochemical
deposition of metals on a glass-ceramic carbon electrode
surface" Spectrochimica Acta Part B, 56, 2117-2126
(2001) and "Formation of binary and ternary metal de-
posits on glass-ceramic carbon electrode surfaces: elec-
tron-probe X-ray microanalysis, total-reflection X-ray flu-
orescence analysis, X-ray photoelectron spectroscopy
and scanning electron microscopy study" Spectrochimi-
ca Acta Part B, 58, 735-740 (2003)].
[0015] WO 97/15820 discloses a combined surface
plasmon resonance sensor and chemical electrode sen-
sor. The electrode comprises a very thin layer of con-
ducting or semiconducting material which is suitable for
supporting surface plasmon resonance. Materials suita-
ble for supporting surface plasmon resonance are indi-
cated to be reflective metals such as gold and silver al-
though it is indicated that if these materials form a layer
of 1000 angstroms or more then they will not support
surface plasmon resonance. The electrode is used to
electrochemical deposit species which are then stripped
to generate stripping voltammetry data. The surface plas-
mon resonance analysis comprises reflecting a light
beam off the electrode. The optical signal is used to de-
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termine an effective index of refraction and is a function
of the index of refraction of materials deposited on the
electrode and the thickness of the layer of material de-
posited on the electrode. While the surface plasmon res-
onance technique cannot on its own identify unknown
types of chemical species it can be used in conjunction
with electrochemical data to aid identification of unknown
chemical species in a solution of interest. Furthermore,
if the chemical species in a solution of interested are
known, then the surface plasmon resonance technique
can be used to determine the amount of material depos-
ited and determine if material is left on the metallic elec-
trode after electrochemical stripping.
[0016] Wang et al., Analytical Chemistry 79 (2007)
4427-4432, discloses as well the detection of heavy met-
als ions in water by high resolution surface plasmon res-
onance spectroscopy combined with anodic stripping
voltammetry.
[0017] The present inventors have identified a number
of potential problems with the aforementioned tech-
niques. For example, while Swain et al. and Zhang et al.
have described the use of in-situ spectroscopic tech-
niques through a transparent electrode in an electro-
chemical sensor to generate spectroscopic data which
is complimentary to voltammetry data, the transmission
IR and UV-visible spectroscopy techniques described
therein are only suitable for analysis of chemical species
in solution. They are not suitable for analysing species
such as heavy metals electro-deposited on an electrode.
Furthermore, as the species are not concentrated by
electro-deposition onto an electrode surface then low
concentrations of species in solution may be below the
detection limit for certain spectroscopic techniques. Fur-
ther still, such spectroscopic techniques only give infor-
mation about chemical species in the bulk solution and
do not give information about the surface of the sensor
to establish, for example, when the surface of an elec-
trode is clean or when minerals or amalgams form on an
electrode surface.
In contrast, prior art stripping voltammetry techniques on
diamond electrodes are advantageous for analysing spe-
cies such as heavy metals which can be electro-depos-
ited from solution as described by Jones, Compton, Mc-
Graw and Swain. However, species discrimination in
multi-metal solutions can be a problem using such tech-
niques since the peak positions can be overlapping in
stripping voltammetry data. Furthermore, the use of
standard reference and counter electrodes in such ar-
rangements means that the electrochemical sensor is
not robust to harsh chemical and physical environments,
even if the diamond sensing electrode is robust to such
conditions.
[0018] The problem of overlapping peaks in stripping
voltammetry data can potentially be solved by applying
the teachings of Peeters et al, Ritschel et al., and Alov
et al. These groups have suggested electro-depositing
films onto gold, niobium or glass-ceramic carbon working
electrodes and then extracting the electrodes from the

electro-deposition apparatus and transferring the coated
electrodes to a suitable device for further analysis includ-
ing, for example, electron-probe X-ray microanalysis, to-
tal-reflection X-ray fluorescence analysis, X-ray photo-
electron spectroscopy and scanning electron microsco-
py. However, this technique requires the provision of mul-
tiple devices and the extraction of coated electrode com-
ponents for subsequent analysis which may not be pos-
sible for field analysis and/or in remote sensing environ-
ments, e.g. down an oil well. Furthermore, the electrodes,
particularly gold, can interfere with x-ray analysis tech-
niques such as X-ray fluorescence analysis. Further still,
the described electro-deposition apparatus uses elec-
trodes which are not robust to harsh chemical and phys-
ical environments.
[0019] Similar comments apply having regard to
WO97/15820 which discloses that very thin metal elec-
trodes, particularly gold, are required for supporting sur-
face plasmon resonance in combination with stripping
voltammetry. Such electrodes can interfere with spectro-
scopic methods suitable for identifying unknown chemi-
cal species and the described surface plasmon reso-
nance technique is not, in itself, able to uniquely identify
unknown chemical species without also combining the
optical data with suitably referenced electrochemical vol-
tammetry data. Furthermore, the thin metal electrodes
required for supporting surface plasmon resonance are
not robust to harsh chemical and physical environments.
[0020] Varney (Proceedings of the 2010 5th IEEE In-
ternational Conference on Nano/Micro Engineered and
Molecular Systems, January 20-23, Xiamen, China) dis-
closes all-diamond micro-electrode arrays for neural re-
cordings and diamond electrochemistry. Griesel et al.
(Spectrochimica Acta Part B 56 (2001) 2107 - 2115) dis-
close electro-deposition as a sample preparation tech-
nique for total-reflection X-ray fluorescence analysis. The
described technique utilizes glassy carbon electrodes.
[0021] It is an aim of certain embodiments of the
present invention to address one or more of the afore-
mentioned problems. In particular, certain embodiments
of the present invention provide a method and sensor
configuration for monitoring low concentrations of a plu-
rality of chemical species in complex chemical environ-
ments. Advantageous arrangements combine this func-
tionality in a device which is relatively compact and is
suitable for use in the field and/or in remote and/or harsh
sensing environments such as for oil and gas applica-
tions.

Summary of Invention

[0022] A first aspect of the present invention provides
a method of analysing chemical species in a solution, the
method comprising:

providing an electrochemical deposition apparatus
comprising a first electrode formed of an electrically
conductive diamond material and a second elec-
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trode;
locating the first electrode in contact with a solution
to be analysed and the second electrode in electrical
contact with the solution to be analysed;
applying a potential difference between the first and
second electrodes such that current flows between
the first and second electrodes through the solution
to be analysed and chemical species are electro-
deposited from the solution onto the first electrode;
applying a spectroscopic analysis technique to the
electro-deposited chemical species on the first elec-
trode to generate spectroscopic data about the elec-
tro-deposited chemical species on the first electrode;
using the spectroscopic data to determine the type
of chemical species electro-deposited on the first
electrode; and
using voltammetry data and the spectroscopic data
to determine the quantity of chemical species in the
solution.

Preferably, the spectroscopic analysis technique is ap-
plied in-situ within the electrochemical deposition appa-
ratus. However, it is also envisaged that the electrochem-
ical deposition step and the spectroscopic analysis step
could be performed in two separate apparatus, an elec-
trochemical deposition apparatus and a separate spec-
trometer. In such a two stage process, electrochemical
deposition on the first electrode can be performed in the
electrochemical deposition apparatus. The first electrode
including the electrodeposited species can then be trans-
ferred to a spectrometer for spectroscopic analysis.
After spectroscopic analysis, the electrodeposited chem-
ical species can be removed from the electrode and the
electrode can be re-uses. One method to do this is via
acid cleaning or mechanical cleaning of the electrode.
However, a more preferred route is to electrochemically
strip the electrodeposited species from the electrode by
changing the potential difference between the first and
second electrodes in the electrochemical deposition ap-
paratus to strip the electro-deposited chemical species
from the first electrode.
[0023] While a two stage electrochemical deposition
and spectroscopic method is envisaged as a possibility
as outlined above, for many applications it is preferable,
and in some cases essential, that the spectroscopic anal-
ysis is performed in situ within the electrochemical dep-
osition apparatus. Accordingly, a second aspect of the
present invention provides a sensor configured to per-
form the aforementioned method, the sensor comprising:

a first electrode formed of an electrically conductive
diamond material and configured to be located in
contact with a solution to be analysed;
a second electrode configured to be in electrical con-
tact with the solution to be analysed;
an electrical controller configured to apply a potential
difference between the first and second electrodes
to electro-deposit chemical species from the solution

onto the first electrode, and
a spectrometer configured to apply a spectroscopic
analysis technique to the electro-deposited chemical
species on the first electrode and generate spectro-
scopic data about the chemical species electro-de-
posited onto the first electrode after deposition; and
a processor configured to use voltammetry data and
the spectroscopic data to determine the type and
quantity of chemical species in the solution.

It has been found that the use of electrically conductive
diamond material, particularly boron doped diamond ma-
terial, it highly advantageous for the combined electro-
chemical deposition and spectroscopic analysis tech-
nique. While the use of a conductive diamond as an elec-
trode for electrochemical stripping voltammetry analysis
is known in the art, it has not previously been suggested
that a conductive diamond electrode is advantageous for
use in an electrochemical deposition and spectroscopic
analysis technique when compared with more standard
metal electrodes. In a combined electrochemical depo-
sition and spectroscopic analysis technique it has been
found that the use of a conductive diamond electrode
has two main advantages over standard metal elec-
trodes:

(i) In the electrochemical deposition step it has been
found that conductive diamond material outperforms
standard metal electrodes in several respects:

a. it has a broader potential window and can be
driven at high voltages allowing electrochemi-
cally deposit of a wider range of chemical spe-
cies at lower concentrations;
b. it is inert and can thus be used in harsh phys-
ical and chemical environments which would
damage standard metal electrodes;
c. it can be more readily cleaned and re-used.

(ii) In the spectroscopic analysis step it has been
found that conductive diamond material does not
cause undue interference with the spectroscopic
analysis of material deposited thereon. For example,
in the analysis of metals it has been found that the
use of a metal electrode can interfere with the spec-
troscopic analysis of metal species deposited ther-
eon. Furthermore, the transparency of conductive
diamond material to several spectroscopic analysis
techniques, such as elemental analysis via x-ray flu-
orescence, allows the spectroscopic analysis to be
performed through the diamond electrode allowing
a sensor device to be configured with the spectrom-
eter components behind the diamond electrode. This
allows a sensor device to be configured into a probe
which can be inserted into solutions to be analysed.

In light of the above, it is clear that diamond material has
advantages over metal electrodes which are particular
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to the combined electrochemical deposition and spectro-
scopic analysis technique as described herein and are
distinct from those which are applicable to electrochem-
ical sensing such as by stripping voltammetry.
[0024] Alternatively, the electrical controller is config-
ured to change the applied potential difference between
the first and second electrodes to strip the electro-depos-
ited chemical species from the first electrode. In this case,
the electric current may be measured during stripping of
the electro-deposited chemical species thereby generat-
ing voltammetry data for the electro-deposited chemical
species. That is, electrochemical sensing is performed
in combination with spectroscopic analysis.
[0025] Using electrochemical sensor terminology the
first electrode is a sensing or working electrode and the
second electrode is a reference electrode. The voltam-
metry data is used in combination with the spectroscopy
data to determine the type and quantity of chemical spe-
cies in the solution. For example, the spectroscopic data
may be used to determine the type of chemical species
deposited on the sensing electrode and the voltammetry
data can be used to determine the quantity of chemical
species deposited on the sensing electrode. In such ar-
rangements, the spectroscopic data can be used to im-
proved in-situ discrimination between electrochemical
species and aid in resolving and assigning peaks in the
voltammetry data. Accordingly, an electrochemical sen-
sor can be provided which is suitable for monitoring low
concentrations of a plurality of chemical species in com-
plex chemical environments, which is relatively compact,
and is suitable for use in the field and/or in remote sensing
environments without requiring extraction and further
analysis.
[0026] Accordingly, the present invention relates to a
combined electrochemical deposition and spectroscopic
analysis method which utilizes synthetic electrically con-
ductive diamond electrodes. Certain further embodi-
ments relate to sensor device configurations which inte-
grate electrochemical deposition apparatus and spectro-
scopic analysis apparatus such that the spectroscopic
analysis can be performed in situ within the electrochem-
ical deposition apparatus. Certain embodiments further
include electrochemical stripping voltammetry to gener-
ate voltammetry data which can be used in combination
with spectroscopic data to determine the type and quan-
tity of chemical species in a solution. It has been found
that the use of synthetic electrically conductive diamond
electrodes in such combined electrochemical and spec-
troscopic techniques allows a wider range of chemical
species to be detected at lower concentrations and with
an improved ability to distinguish and identify a large
number of different chemical species in complex solu-
tions which comprising plurality of chemical species.
[0027] Various arrangements for integrating the spec-
trometer into the sensor are envisaged. For example, the
sensor may comprise a window and the spectrometer
can be configured to direct the spectroscopic analysis
technique through the window towards a front surface of

the chemical species electro-deposited onto the first
electrode. Alternatively, the spectrometer may be con-
figured to direct the spectroscopic analysis technique
through the first electrode towards a rear surface of the
chemical species electro-deposited onto the first elec-
trode. Such an arrangement is advantageous in that the
spectrometer can be mounted behind the first electrode
such that only a single sensing surface is presented to
the solution under testing. In such an arrangement, the
material used for the first electrode must be transparent
to the spectroscopic analysis technique. In this regard,
the spectroscopic analysis technique is preferably an el-
emental analysis technique and, if the species deposited
on the first electrode are opaque, may be a reflective
technique. Examples of suitable techniques include op-
tical techniques based on x-rays or gamma-rays, x-ray
fluorescence (XRF) elemental analysis being preferred.
Diamond material is advantageous for use with such
techniques as it is transparent to such techniques and
therefore will not unduly interfere with the spectroscopic
analysis.
[0028] In addition to improving sensitivity and species
discrimination, the spectroscopic data can also be used
to assign peaks in the voltammetry data without requiring
a standard reference electrode which maintains a fixed
constant potential with respect to the sensing (i.e. work-
ing) electrode irrespective of the solution conditions. By
way of background, the purpose of a reference electrode
is usually to maintain a constant potential with respect to
the working electrode. According to the Nernst equation
the local concentration of redox active or potential deter-
mining ions will determine the reference electrode poten-
tial. Thus common reference electrodes such as the "sat-
urated calomel electrode" and the "silver /silver chloride
electrode" contain a metal coated in its sparingly soluble
chloride salt in contact with a saturated concentration of
chloride ions. In this way, the concentration of chloride
ions next to the electrode surface is maintained at a fixed
value irrespective of the solution conditions in which the
electrode is placed. Commercial electrodes typically con-
tain such an electrode housed in a glass body in contact
with a solution filled with an excess of potassium chloride,
separated from the main solution under test using a frit.
For device fabrication this design may not be appropriate
and so manufacturers often microfabricate Ag structures
which they then chloridise to form a thin silver chloride
coating. In solution the silver chloride dissolves to form
a layer of chloride ions around the surface which can be
approximated as being constant, however this is not as
stable as a true reference electrode.
[0029] The issues with reference electrodes of the
aforementioned type are:

(1) Fouling - if the electrode surface fouls it is prob-
lematic to clean the electrode by applying potential
cleaning cycles without destroying the chemical
identity of the reference electrode.
(2) In corrosive solution conditions, e.g. a high or low
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pH, again chemical degradation of the electrode
means the reference electrode potential changes
with time in the same solution.
(3) AgCl is light sensitive and can photodecompose
again, effecting the stability of the electrode.

[0030] Although diamond is not a true reference elec-
trode (as described above) the advantages of using dia-
mond for the reference electrode are:

(1) It can be easily integrated into the diamond elec-
trode fabrication procedure for the first (sensing)
electrode.
(2) The diamond material is resistant to chemical and
photo-degradation in all solutions, so once in solu-
tion, providing the solution composition remains ef-
fectively constant the electrode potential will remain
constant.
(3) The diamond electrode can be efficiently cleaned
using in-situ cleaning cycles (it is well documented
in the literature that diamond electrodes can be
cleaned using potentials pulses/cycles and/or heat-
ing).

[0031] Despite these advantageous features, the use
of a diamond material as a reference electrode has one
major problem in that the potential of the diamond refer-
ence (which is applied with respect to the sensing/work-
ing electrode) is unknown for different solutions. Howev-
er, an in-situ spectrometer according to embodiments of
the present invention can be used to calibrate the poten-
tial of the reference electrode. For example, in the case
of case of anodic stripping voltammetry where a series
of peaks are observed, although we know the potential
they occur at with respect to a standard reference elec-
trode, the reference potential for diamond is unknown
and will vary from solution to solution. However, it is
known that the sequence of metals observed in the vol-
tammogram will not change, e.g. Cu is easier to oxidise
than Pb which is which is easier than Zn etc.... Hence by
using a spectroscopic technique to independently deter-
mine the metal ions in solution the order of peaks can be
correctly assigned.
[0032] Such an arrangement therefore allows the pos-
sibility to use a non-fixed reference electrode, i.e. a ref-
erence electrode which does not provide a fixed refer-
ence potential with respect to the sensing electrode irre-
spective of the solution conditions. Accordingly, a more
robust reference electrode can be utilized. In a particu-
larly preferred arrangement a doped diamond material,
e.g. boron-doped diamond material, can be used for the
reference electrode. Diamond electrode material is ad-
vantageous for the reasons given previously in this spec-
ification, e.g. in such an arrangement a doped diamond
material can also be used for the sensing electrode and,
if present, a counter electrode. As such, an electrochem-
ical sensor can be configured to be self calibrating while
also ensuring that only robust materials such as diamond

materials are exposed to the solution under testing thus
providing a device which is suitable for use in harsh sens-
ing environments.
[0033] Certain embodiments of the present invention
thus provide an electrochemical sensor with an integrat-
ed spectrometer configured to apply a spectroscopic
analysis technique to the electro-deposited chemical
species on the sensing electrode in-situ and generate
spectroscopic data about the chemical species electro-
deposited onto the sensing electrode after deposition and
prior to stripping. Such an arrangement has several ad-
vantageous features including one or more of the follow-
ing:

(1) Improved in-situ spectroscopic sensitivity by con-
centrating species using electro-deposition;
(2) Improved in-situ species discrimination in a multi-
species solution by making comparative spectro-
scopic and electrochemical measurements;
(3) Internal calibration allowing the use of a more
robust reference electrode.

[0034] Furthermore, the use of diamond as a window
material for spectroscopic techniques such as XRF is
advantageous since both intrinsic and heavily boron
doped diamond are excellent x-ray windows. This con-
trast with none x-ray spectroscopic techniques such as
UV-visible spectroscopy for which heavily boron doped
diamond material is not transparent unless provided as
a very thin film as described in prior art arrangements.
As such, the use of doped diamond electrodes with x-ray
or gamma-ray techniques is advantageous when com-
pared with the use of doped diamond electrode with UV-
visible spectroscopy as the material is inherently trans-
parent to such techniques. Furthermore, the use of doped
diamond electrodes with x-ray or gamma-ray techniques
is advantageous when compared with the use of prior art
metallic electrodes which interfere with such techniques.
The use of a diamond electrode material is also advan-
tageous as it does not form a mercury amalgam and thus
enables mercury detection. A diamond electrode mate-
rial is also advantageous in that a very high electrode
potential can be applied to alter pH via proton or hydrox-
ide generation. For metal ions which are complexed in
solution, digests are normally performed to free them so
they are available for subsequent reduction. One way to
do this is to generate very strong acid (or base) conditions
electrochemically. This is also useful for cleaning the
electrode. As such, embodiments which utilize diamond
electrodes have particular relevance to oil and gas op-
erations when robust remotely operated sensors are
needed, and environmental monitoring where mercury
sensitivity, long term stability, and autonomous calibra-
tion is highly advantageous. That said, other x-ray trans-
parent electrodes could be used for certain applications,
e.g thin film carbon or graphene on glass, thin film silicon,
ITO, or thin film metals (trading x-ray transparency
against conductivity).
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[0035] The at least one electrode may be mounted on
or over a supporting substrate. In an arrangement in
which the spectrometer is configured to perform the spec-
troscopic analysis through such a substrate then the sub-
strate material should also be selected to be transparent
to the spectroscopic technique. Suitable substrates for
x-ray techniques include AlN, Al2O3, SiO2, BN, diamond,
or other light element materials. Using a low atomic
number material for the at least one electrode and sub-
strate enables easy discrimination from target heavy
(high atomic number) elements.
[0036] Using intrinsic optically transparent diamond as
a substrate material and/or as a window material dis-
posed around the at least one electrode at a sensing
surface can also enable the use of other optical spectro-
scopic techniques in addition to, for example, x-ray tech-
niques. Furthermore, although compact x-ray sources
are commercially available, it is also envisaged that dia-
mond material may be used as an in-situ x-ray source
e.g. heavily boron doped diamond coated with copper.
As such, diamond material may be utilized in an electro-
chemical sensor to combine a number of functional char-
acteristics including one or more of: a boron doped dia-
mond electrode material which is transparent to x-ray
spectroscopic techniques; an intrinsic diamond material
as a substrate or sensor surface material which is trans-
parent to optical spectroscopic techniques; an in-situ x-
ray source for x-ray spectroscopic techniques; a sensing
surface which is robust to harsh chemical and thermal
environments; and a similarly robust counter and/or ref-
erence electrode.

Brief Description of the Drawings

[0037] For a better understanding of the present inven-
tion and to show how the same may be carried into effect,
embodiments of the present invention will now be de-
scribed by way of example only with reference to the
accompanying drawings, in which:

Figure 1 is a schematic diagram of an electrochem-
ical sensor according to an embodiment of the
present invention;

Figure 2 is a flow chart illustrating a method of meas-
uring target species using the electrochemical sen-
sor shown in Figure 1;

Figures 3a to 3c illustrate the type of data generated
using the method shown in Figure 2; and

Figures 4a to 4b illustrate another example of the
type of data generated using the method shown in
Figure 2.

Detailed description of Certain Embodiments

[0038] Figure 1 shows an electrochemical sensor

which combines voltammetry and spectroscopic analysis
techniques. The electrochemical sensor comprises two
electrodes 2, 4 mounted in a support substrate 6. The
electrodes 2, 4 are configured to be located in contact
with a solution 8 in use. While the illustrated arrangement
comprises two electrodes including a sensing electrode
2 and a reference electrode 4, it is to be noted that the
supporting substrate may only comprise a sensing elec-
trode 2 with a separate electrode being inserted into the
solution to function as a reference electrode 4. In oper-
ation, metal species M1

a+, M2
b+, and M3

c+ can be electro-
deposited onto the sensing electrode 2 forming a solid
metallic layer 9 comprising metal species M1, M2, and M3.
[0039] The two electrodes 2, 4 are electrically coupled
to an electrical controller 10 which comprises a voltage
control unit 12 and a current measurement unit 14. The
voltage control unit 12 is configured to apply a potential
difference between the two electrodes 2, 4. A counter
electrode (not shown) may also be provided if required.
[0040] Cyclic voltammetry (CV) refers to a procedure
where the sensing electrode 2 is cycled first in one direc-
tion to a defined potential and then back again to a defined
potential. Typically for stripping voltammetry the potential
of the sensing electrode 2, rather than being cycled to a
negative potential to reduce cations, is held at a constant
potential for a defined time (for low concentrations it may
be required to deposit for longer to get a measurable
amount on the electrode surface) and then the potential
is scanned positive or anodically to produce metal strip-
ping peaks by oxidising all the metal - hence the tech-
nique is often referred to as anodic stripping voltammetry
(ASV) or different pulse voltammetry (DPV) which means
when scanning positively the electrode potential is pulsed
to make the current reading more sensitive. Hence a
combination of constant potential (deposition) and vol-
tammetric techniques (stripping) are typically used in
heavy metal detection using electrochemistry.
[0041] During stripping voltammetry the current meas-
urement unit 14 measures current flow around the elec-
trochemical circuit formed by the two electrodes 2, 4, the
solution 8, the electrical controller 10 and the electrically
couplings therebetween. Alternatively, where a counter
electrode is provided, the current measurement unit 14
may measure current flow around the electrochemical
circuit formed by the sensing electrodes 2, the counter
electrode, the solution 8, the electrical controller 10 and
the electrically couplings therebetween. Use of a counter
electrode reduces the current at the reference electrode
and improves its voltage stability. Oxidation (stripping)
of metal species results in current flow at certain applied
voltages relating to the oxidation potentials of the indi-
vidual metal species. The magnitude of current flow can
be plotted against the changing voltage to generate a
stripping voltammogram comprising individual peaks
corresponding to oxidation reactions for each of the me-
tallic species. The position and size of each peak can be
used to identify the type and quantity of metal species
within the solution.
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[0042] Deposition of species may be via direct or indi-
rect electrochemistry. Direct electrodeposition occurs for
a redox couple A + ne- ↔ B when A is converted to B
through addition of electrons (reduction) whilst B is con-
verted to A via the removal of electrons (oxidation). Typ-
ically both A and B are soluble in solution but there are
instances where one species is in solid form and the other
in solution as is the case for electrodeposition of a metal
B from reduction of the associated cationic metal ion A.
In contrast, for indirect electrodeposition the product be-
ing deposited is not part of a redox couple, as is the case
above, but forms due to some precipitation reaction in-
duced electrochemically. Typically this is likely to be an
inorganic solid formed from two ions in solution, one
which is present naturally, the other which is electro-
chemically generated. At a defined concentration the sol-
ubility product is exceeded causing the solid to precipitate
out of solution. For example, if Ni2+ ions are present in
solution and OH- ions are generated electrochemically
by the reduction of water this leads to the precipitation
of nickel hydroxide on the electrode surface [see, for ex-
ample, L. A. Hutton et al. "Electrodeposition of Nickel
Hydroxide Nanoparticles on Boron-Doped Diamond
Electrodes for Oxidative Electrocatalysis", J. Phy. Chem.
2010]. Decreasing the pH, e.g. by oxidising water to pro-
duce protons, may also be used to promote a reaction
resulting in the formation of a solid species in solution.
Additionally many inorganic solids have a pH dependant
solubility for example under acidic conditions calcium
carbonate is soluble however as the pH is increased the
solubility will decrease causing calcium carbonate to pre-
cipitate out of solution. Hence precipitation reactions can
be induced simply by changing pH electrochemically.
[0043] Thus far the described electrochemical sensor
is the same as a standard stripping voltammeter in gen-
eral construction. The illustrated electrochemical sensor
differs from a standard stripping voltammeter in that it
further comprises a spectrometer 16 configured to per-
form elemental analysis of solid species 9 which have
been electro-deposited onto the sensing electrode 2. The
spectrometer comprises an emitter 18 and a detector 20.
In the illustrated arrangement, the spectrometer is con-
figured to perform a spectroscopic analysis of the solid
species 9 through the sensing electrode 2 and support
substrate 6. As such, the electrode 2 and support sub-
strate 6 should be made of a material which is transparent
to the spectroscopic analysis. For example, the spectro-
scopic analysis may utilize an x-ray technique such as
x-ray fluorescence (XRF) elemental analysis and the
electrode 2 and substrate 6 may be made of a low atomic
number material such as diamond. The electrode 2 may
be formed of a boron doped diamond material such that
it is electrically conductive while the support substrate 6
may be formed of an intrinsic diamond material. Both
these materials are transparent to x-ray analysis. The
intrinsic diamond material also has good transmittance
for wavelengths from the infrared to the ultraviolet and
thus further spectroscopic analysis of the solution 8 may

be performed using these wavelengths through regions
of the substrate 6 between the electrodes 2, 4.
[0044] The electrochemical sensor further comprises
a data processor 22 which is configured to receive data
from both the electrical controller 10 and the spectrom-
eter 16. This data will be in the form of (optional) stripping
voltammetry data from the electrical controller 10 and
spectroscopic data from the spectrometer 16. Both types
of data are capable of given information about the type
and quantity of metal species electro-deposited onto the
sensing electrode 2. However, in the case that two or
more peaks in the stripping voltammetry data overlap for
different species, the spectroscopic data can be utilized
to determine the number and type of different species
present to aid in interpretation of the stripping voltamme-
try data and function as a tool to deconvolute the data
and correctly characterize the components within the so-
lution. Alternatively, for certain applications the electrical
controller may function only as a means of depositing
chemical species from solution for spectroscopic analy-
sis. In this case, qualitative spectroscopy can identify the
type of species present whereas quantitative spectros-
copy can determine both the type and quantity of species.
Use of a diamond material for the electrode 2 is advan-
tageous in this regard as a large potential can be applied
to electro-deposit a large range of target species for spec-
troscopic analysis. Target species can be deposited via
direct or indirect electrochemistry as discussed earlier.
[0045] Figure 2 is a flow chart illustrating a method of
measuring target species using the electrochemical sen-
sor shown in Figure 1. The method comprises:

providing an electrochemical sensor comprising a
reference electrode and a sensing electrode (24);
locating the sensing electrode in contact with a so-
lution to be analysed (26);
applying a voltage to the sensing electrode to elec-
tro-deposit chemical species from the solution onto
the sensing electrode (28);
changing the voltage applied to the sensing elec-
trode to strip the electro-deposited chemical species
from the sensing electrode (30);
optionally, measuring an electric current during the
electro-stripping thereby generating stripping volt-
ametry data (32);
applying at least one spectroscopic analysis tech-
nique to generate spectroscopic data about the
chemical species electro-deposited onto the at least
one electrode after depositing and prior to stripping
(34); and
using the spectroscopic data and, optionally, the
stripping voltammetry data to determine the type and
quantity of chemical species in the solution (36).

[0046] The above procedure can be repeated, and da-
ta from one cycle can be combined with data from another
cycle if required. For example, spectroscopic and vol-
tammetric data may be aquired on separate cycles. Al-
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ternatively, repeat cycles may use different voltage/cur-
rent/dwell parameters, for example to assist in peak sep-
aration.
[0047] Figures 3a to 3c illustrate an example of data
generated using the method shown in Figure 2. Figure
3a shows a stripping voltammogram generated by the
electrical controller. The stripping voltammogram com-
prises oxidation peaks for three species M1, M2, and M3.
Although there is some overlap between the peaks, they
are sufficiently separated that the stripping voltammo-
gram can be deconvoluted into three separate voltam-
mograms, one for each species as illustrated in Figure
3b. These voltammograms can be used to identify the
type and quantity of each species by peak location and
area measurements. In practice, this can be done nu-
merically or by generating pictorial representations of the
voltammetry data. For example, the composite voltam-
mogram can be deconvoluted using Fourier analysis
techniques. Peak locations can be compared to a refer-
ence potential to identify different target species of inter-
est. The peaks can be numerically integrated in order to
determine quantitative information about the individual
species. These techniques are known to those skilled in
the art.
[0048] In addition to the voltammetry data discussed
above, Figure 3c illustrates an XRF spectrum obtained
by the spectrometer 16. The spectrum Kα, Kp, and sec-
ond order Kα" lines for the three metal species previously
discussed. This spectroscopic information can also be
used to determine the type and quantity of species elec-
tro-deposited on the sensing electrode 2. In the event
that the target species are individually identifiable and
quantifiable in the stripping voltammetry data, this spec-
troscopic data may be somewhat superfluous and may
merely serve to confirm results obtain via stripping vol-
tammetry. However, in the case that one or more of the
target species have overlapping peak in the stripping vol-
tammetry data such that the data cannot be readily be
deconvoluted, the spectroscopic data can either be used
as a means to deconvolute the voltammetry data or oth-
erwise used instead of the voltammetry data to identify
and quantify individual target species. For example, Fig-
ure 4a shows a stripping voltammogram for three target
species M1, M2, and M3 where the peaks for species M2
and M3 completely overlap. Deconvolution of this volta-
mogram without any other information may result in the
erroneous identification of only two species, e.g. M1 and
M2 only or M1 and M3 only, or otherwise give an ambig-
uous result indicating that M2 and/or M3 may be present.
In this case, spectroscopic data as indicated in Figure 3c
can be used to correctly deconvolute the composite vol-
tammogram illustrated in Figure 4a into its three constit-
uent parts as shown in Figure 4 (b). Alternatively, the
spectroscopic data could be used on its own, the electri-
cal controller merely being utilized as a means of depos-
iting species for spectroscopic analysis. However, in
practice the voltammetry data and the spectroscopic data
can provide complimentary information. For example, the

spectroscopic data can give elemental information which
may not be resolved in the voltammetry data whereas
the voltammetry data may give information relating to the
oxidative state of species within the solution which cannot
be identified from the spectroscopic data. The voltam-
metry data will also be more sensitive to species present
at low concentration.
[0049] Alternatively, or in addition to, the above, if a
non-fixed reference electrode is utilized, such as a doped
diamond reference electrode, the spectroscopic data
may be used to assign peaks in the stripping voltammo-
gram when no fixed reference potential is present. In this
case, although the potential at which individual peaks will
vary, the sequence of species observed in the stripping
voltommogram will be fixed. As such, by identifying the
species present in the solution using spectroscopy, the
identified species can be assigned to the stripping vol-
tammetry peaks given the known sequence.
[0050] As previously discussed, the use of a diamond
electrode material in combination with an x-ray spectro-
scopic analysis technique is considered to be particularly
preferable for implementing the present invention. Com-
pact x-ray sources are commercially available. Alterna-
tively, the diamond material may be used as an in-situ x-
ray source, e.g. by coating a boron doped diamond ma-
terial with a metal such as copper to form an x-ray source.
[0051] The integration of a spectrometer into an elec-
trochemical sensor in the manner described herein will
increase functionality and performance in terms of reso-
lution and sensitivity for analysing solutions which con-
tain a plurality of different target species of interest. Pre-
viously, for solutions which comprise a number of differ-
ent species having overlapping voltammetry peaks, for
example a number of heavy metal species having similar
electrochemical potentials, it may only have been possi-
ble to determine the total species content, e.g. the total
heavy metal content. In contrast, embodiments of the
present invention allow identification and quantification
of a large range of different species in a single solution
even when voltammetry peaks overlap.
[0052] Various different electrode structures may be
utilized with the combined electrochemical/spectroscop-
ic techniques described herein. Some examples of prior
art diamond electrode arrangements are discussed in
the background section. In addition to the provision of a
diamond sensing electrode, as previously described it is
also advantageous to provide a diamond reference elec-
trode. If the reference electrode is made of, for example,
Ag/AgCl or Hg/Hg2Cl2 (common reference electrodes)
then the reference electrode may be contaminated or
attacked in aggressive environments. Using a diamond
reference is preferable as it will not be etched and has a
high dimensional stability in aggressive chemical/physi-
cal environments. Providing an integrated spectrometer
to aid in assigning voltammetry allows such a non-fixed
potential reference electrode to be utilized.
[0053] Other useful techniques may be combined with
the electrochemical/spectroscopic techniques described
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herein. For example, differential potential pulse pro-
grammes can be used to increase sensitivity. Further-
more, the temperature of the sensing electrode can be
changed to alter mass transport, reaction kinetics, and
alloy formation. For example, heating during stripping
voltammetry can aid in increasing peak signals. Heating
during deposition can aid formation of better alloys and
can also increase mass transport, shortening deposition
times and/or increasing deposition to within the detection
sensitivity of spectroscopic techniques such as XRF. Ac-
cordingly, in certain arrangements configured to detect
very low concentrations of chemical species in solution
a heater may be provided within the electrochemical sen-
sor for heating the sensing electrode to increase depo-
sition to within the limits of the spectroscopic analysis
technique. The use of diamond material for the sensing
electrode is also useful in this regard as diamond material
can be heated and cooled very quickly. The high elec-
trode potential of diamond material can also be utilized
to alter pH via electrochemical generation. For metal ions
which are complexed in solution, digests are normally
performed to free them so they are available for subse-
quent reduction. One way to do this is to generate very
strong acid (or base) conditions electrochemically. This
is also useful for cleaning the electrode. Other cleaning
techniques may involve abrasive cleaning and/or heat-
ing. Again, use of a diamond material is advantageous
in this regard as the diamond material is robust to abra-
sive, chemical, and/or heat treatments for cleaning and
thus a good sensing surface can be re-generated be-
tween analysis cycles. In order to ensure that the sensing
electrode is clean after a sensing cycle and prior to initi-
ation of a further cycle an additional spectroscopic anal-
ysis and/or an electro-stripping cycle may be applied to
determine if the sensing electrode is clean. For example,
residual chemical species adhered to the electrode may
be evident in voltammetry and/or spectroscopic data gen-
erated during such a cleanliness checking step. If so, a
cleaning cycle can be performed. A further spectroscopic
analysis and/or an electro-stripping cycle may than be
applied to confirm that the sensing electrode is sufficient-
ly clean for further use. As such, cleaning and checking
of electrode surfaces can be performed in-situ.
[0054] Embodiments of the present invention thus pro-
vide a number of advantageous features including one
or more of the following:

1. Species discrimination in multi-species solutions,
even where peak positions are overlapping in anodic
stripping voltammetry.
2. In-situ calibration of species even when there is
an inter-dependency of peak area in voltammetry
data due to inter-metallic formations or amalgams
which may otherwise make specific species discrim-
ination difficult.
3. Creating a reference for assigning peaks in vol-
tammetric data even when a standard reference
electrode is not use, thus allowing a more robust

reference electrode to be utilized such as one made
of a diamond material. Certain embodiments can
provide an autonomous quantification / calibration
of the sensor device in-situ.
4. Detecting mercury in an environmentally friendly
manner, since existing electrodes typically use gold
mercury amalgams which are considered to be en-
vironmentally unsound.
5. In-situ cleaning of the surface of electrodes, prior
to use and after a metal deposition / stripping cycle
has been completed thus avoiding the requirement
to prepare the electrode surfaces ex-situ prior to
each measurement, which may be a requirement of
current commercial sensors based on gold mercury
amalgams.
6. The ability to detect and quantify a large range of
chemical species in complex solution environments
including, for example, calcium ("scaling capacity"),
copper, zinc, cadmium, mercury, lead, arsenic, alu-
minium, antinomy, iodine, sulphur, selenium, telluri-
um, uranium, etc...

[0055] While this invention has been particularly
shown and described with reference to preferred embod-
iments, it will be understood to those skilled in the art that
various changes in form and detail may be made without
departing from the scope of the invention as defined by
the appendant claims.

Claims

1. A sensor comprising:

a first electrode (2) configured to be located in
contact with a solution to be analysed (8);
a second electrode (4) configured to be in elec-
trical contact with the solution to be analysed (8);
an electrical controller (10) configured to apply
a potential difference between the first and sec-
ond electrodes (2, 4) to electro-deposit chemical
species from the solution (8) onto the first elec-
trode (2);
a spectrometer (16) configured to apply a spec-
troscopic analysis technique to the electro-de-
posited chemical species (9) on the first elec-
trode (2) and generate spectroscopic data about
the chemical species electro-deposited onto the
first electrode (2) after deposition; and
a processor (22) configured to use voltammetry
data and the spectroscopic data to determine
the type and quantity of chemical species in the
solution (8),
characterized in that the first electrode (2) is
formed of an electrically conductive diamond
material.

2. A sensor according to claim 1, wherein the electrical
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controller (22) is configured to change the applied
potential difference to strip the electro-deposited
chemical species (9) from the first electrode (2).

3. A sensor according to claim 2, wherein the electrical
controller (22) is configured to measure an electric
current during stripping of the electro-deposited
chemical species (9) thereby generating voltamme-
try data for the electro-deposited chemical species,
the first electrode (2) functioning as an electrochem-
ical sensing electrode and the second electrode (4)
functioning as a reference electrode.

4. A sensor according to any preceding claim, wherein
the second electrode (4) is formed of an electrically
conductive diamond material.

5. A sensor according to any preceding claim, wherein
the sensor comprises a window and the spectrom-
eter (16) is configured to direct the spectroscopic
analysis technique through the window towards a
front surface of the chemical species (9) electro-de-
posited onto the first electrode (2).

6. A sensor according to any one of claims 1 to 4,
wherein the spectrometer (16) is configured to direct
the spectroscopic analysis technique through the
first electrode (2) towards a rear surface of the chem-
ical species (9) electro-deposited on the first elec-
trode (2).

7. A sensor according to any preceding claim, wherein
the spectrometer (16) is configured to perform an
elemental analysis technique.

8. A sensor according to any preceding claim, wherein
the spectrometer (16) is configured to perform a re-
flective technique.

9. A sensor according to any preceding claim, wherein
the spectrometer (16) is configured to perform a
spectroscopic analysis technique comprising x-rays
or gamma-rays.

10. A sensor according to any preceding claim, wherein
the spectrometer (16) is configured to perform a
spectroscopic analysis technique comprising x-ray
fluorescence elemental analysis.

11. A method of analysing chemical species in a solu-
tion, the method comprising:

providing an electrochemical deposition appa-
ratus comprising a first electrode (2) and a sec-
ond electrode (4);
locating the first electrode (2) in contact with a
solution to be analysed (8) and the second elec-
trode (4) in electrical contact with the solution to

be analysed (8);
applying a potential difference between the first
and second electrodes (2, 4) such that current
flows between the first and second electrodes
(2, 4) through the solution to be analysed (8) and
chemical species are electro-deposited from the
solution onto the first electrode (2);
applying a spectroscopic analysis technique to
the electro-deposited chemical species (9) on
the first electrode (2) to generate spectroscopic
data about the electro-deposited chemical spe-
cies on the first electrode (2);
using the spectroscopic data to determine the
type of chemical species electro-deposited on
the first electrode (2); and
using voltammetry data and the spectroscopic
data to determine the quantity of chemical spe-
cies in the solution (8),
characterized in that the first electrode (2) is
formed of an electrically conductive diamond
material.

12. A method according to claim 11, wherein the spec-
troscopic analysis technique is applied in-situ within
the electrochemical deposition apparatus.

13. A method according to claim 11 or 12, further com-
prising changing the potential difference to strip the
electro-deposited chemical species (9) from the first
electrode (2).

14. A method according to claim 13, further comprising
measuring the electric current flowing between the
first and second electrodes (2, 4) during stripping of
the electro-deposited chemical species (9) thereby
generating voltammetry data for the electro-depos-
ited chemical species (9), the first electrode (2) func-
tioning as an electrochemical sensing electrode and
the second electrode (4) functioning as a reference
electrode.

Patentansprüche

1. Sensor, der
eine erste Elektrode (2), die so ausgestaltet ist, dass
sie in Kontakt mit einer zu analysierenden Lösung
(8) angeordnet ist;
eine zweite Elektrode (4), die so ausgestaltet ist,
dass sie in elektrischem Kontakt mit der zu analy-
sierenden Lösung (8) angeordnet ist;
eine elektrische Steuerung (10), die ausgestaltet ist,
um eine Potentialdifferenz zwischen der ersten und
der zweiten Elektrode (2, 4) anzulegen, um chemi-
sche Spezies aus der Lösung (8) auf der ersten Elek-
trode (2) elektrisch abzuscheiden;
ein Spektrometer (16), das ausgestaltet ist, um eine
spektroskopische Analysetechnik auf die elektrisch
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abgeschiedene chemische Spezies (9) auf der ers-
ten Elektrode (2) anzuwenden und spektroskopi-
sche Daten über die elektrisch abgeschiedene che-
mische Spezies auf der ersten Elektrode (2) nach
der Abscheidung zu erstellen; und
einen Prozessor (22) umfasst, der ausgestaltet ist,
um Voltammetriedaten und die spektroskopischen
Daten zu verwenden, um den Typ und die Menge
der chemischen Spezies in der Lösung (8) zu ermit-
teln,
dadurch gekennzeichnet, dass die erste Elektrode
(2) aus einem elektrisch leitenden Diamantmaterial
gebildet ist.

2. Sensor nach Anspruch 1, bei dem die elektrische
Steuerung (22) ausgestaltet ist, um die angelegte
Potentialdifferenz zu ändern, um die elektrisch ab-
geschiedenen chemischen Spezies (9) von der ers-
ten Elektrode (2) zu strippen.

3. Sensor nach Anspruch 2, bei dem die elektrische
Steuerung (22) ausgestaltet ist, um während des
Strippens der elektrisch abgeschiedenen chemi-
schen Spezies (9) einen elektrischen Strom zu mes-
sen, um dadurch Voltammetriedaten für die elek-
trisch abgeschiedenen chemischen Spezies zu er-
stellen, wobei die erste Elektrode (2) als eine elek-
trochemische Abfühlelektrode fungiert und die zwei-
te Elektrode (4) als eine Referenzelektrode fungiert.

4. Sensor nach einem der vorhergehenden Ansprüche,
bei dem die zweite Elektrode (4) aus einem elek-
trisch leitenden Diamantmaterial gebildet ist.

5. Sensor nach einem der vorhergehenden Ansprüche,
der ein Fenster umfasst, und wobei das Spektrome-
ter (16) ausgestaltet ist, um die spektroskopische
Analysetechnik durch das Fenster hindurch in Rich-
tung einer vorderen Oberfläche der chemischen
Spezies (9) zu lenken, die elektrisch auf der ersten
Elektrode (2) abgeschieden worden ist.

6. Sensor nach einem der Ansprüche 1 bis 4, bei dem
das Spektrometer (16) ausgestaltet ist, um die spek-
troskopische Analysetechnik durch die erste Elek-
trode (2) hindurch in Richtung einer hinteren Ober-
fläche der chemischen Spezies (9) zu lenken, die
elektrisch auf der ersten Elektrode (2) abgeschieden
worden ist.

7. Sensor nach einem der vorhergehenden Ansprüche,
bei dem das Spektrometer (16) ausgestaltet ist, um
eine Elementaranalysetechnik durchzuführen.

8. Sensor nach einem der vorhergehenden Ansprüche,
bei dem das Spektrometer (16) ausgestaltet ist, um
eine reflektierende Technik durchzuführen.

9. Sensor nach einem der vorhergehenden Ansprüche,
bei dem das Spektrometer (16) ausgestaltet ist, um
eine spektroskopische Analysetechnik durchzufüh-
ren, die Röntgenstrahlen oder gamma-Strahlen um-
fasst.

10. Sensor nach einem der vorhergehenden Ansprüche,
bei dem das Spektrometer (16) ausgestaltet ist, um
eine spektroskopische Analysetechnik durchzufüh-
ren, die Röntgenflureszenz-Elementaranalyse um-
fasst.

11. Verfahren zum Analysieren chemischer Spezies in
Lösung, bei dem:

eine elektrochemische Abscheidevorrichtung
bereitgestellt wird, die eine erste Elektrode (2)
und eine zweite Elektrode (4) umfasst;
die erste Elektrode (2) in Kontakt mit einer zu
analysierenden Lösung (8) angeordnet wird und
die zweite Elektrode (4) in elektrischem Kontakt
mit der zu analysierenden Lösung (8) angeord-
net wird;
eine Potentialdifferenz zwischen der ersten und
der zweiten Elektrode (2, 4) angelegt wird, so
dass Strom zwischen der ersten und der zweiten
Elektrode (2, 4) durch die zu analysierende Lö-
sung (8) fließt und chemische Spezies elektrisch
aus der Lösung auf der ersten Elektrode (2) ab-
geschieden werden;
eine spektroskopische Analysetechnik auf die
elektrisch abgeschiedene chemische Spezies
(9) auf der ersten Elektrode (2) angewendet
wird, um spektroskopische Daten über die elek-
trisch abgeschiedene chemische Spezies auf
der ersten Elektrode (2) zu erstellen;
die spektroskopischen Daten verwendet wer-
den, um den Typ der chemischen Spezies zu
ermitteln, die elektrisch auf der ersten Elektrode
(2) abgeschieden wurde; und
Voltammetriedaten und die spektroskopischen
Daten verwendet werden, um die Menge der
chemischen Spezies in der Lösung (8) zu ermit-
teln,
dadurch gekennzeichnet, dass die erste Elek-
trode (2) aus einem elektrisch leitenden Dia-
mantmaterial gebildet ist.

12. Verfahren nach Anspruch 11, bei dem die spektro-
skopische Analysetechnik in-situ innerhalb der elek-
trochemischen Abscheidevorrichtung angewendet
wird.

13. Verfahren nach Anspruch 11 oder 12, bei dem ferner
die Potentialdifferenz geändert wird, um die elek-
trisch abgeschiedene chemische Spezies (9) von
der ersten Elektrode (2) zu strippen.
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14. Verfahren nach Anspruch 13, bei dem ferner wäh-
rend des Strippens der elektrisch abgeschiedenen
chemischen Spezies (9) der elektrische Strom ge-
messen wird, der zwischen der ersten und der zwei-
ten Elektrode (2, 4) fließt, um dadurch Voltammet-
riedaten für die elektrisch abgeschiedene chemi-
sche Spezies (9) zu erstellen, wobei die erste Elek-
trode (2) als eine elektrochemische Abfühlelektrode
fungiert und die zweite Elektrode (4) als eine Refe-
renzelektrode fungiert.

Revendications

1. Capteur comprenant :

une première électrode (2) configurée pour être
placée en contact avec une solution à analyser
(8) ;
une deuxième électrode (4) configurée pour être
en contact électrique avec la solution à analyser
(8) ;
un contrôleur électrique (10) configuré pour ap-
pliquer une différence de potentiel entre les pre-
mière et deuxième électrodes (2, 4) pour élec-
trodéposer des espèces chimiques à partir de
la solution (8) sur la première électrode (2) ;
un spectromètre (16) configuré pour appliquer
une technique d’analyse spectroscopique aux
espèces chimiques électrodéposées (9) sur la
première électrode (2) et générer des données
spectroscopiques sur les espèces chimiques
électrodéposées sur la première électrode (2)
après dépôt ; et
un processeur (22) configuré pour utiliser des
données de voltammétrie et les données spec-
troscopiques pour déterminer le type et la quan-
tité d’espèces chimiques dans la solution (8),
caractérisé en ce que la première électrode (2)
est formée d’un matériau de diamant électrique-
ment conducteur.

2. Capteur selon la revendication 1, dans lequel le con-
trôleur électrique (22) est configuré pour modifier la
différence de potentiel appliquée pour décaper les
espèces chimiques électrodéposées (9) à partir de
la première électrode (2).

3. Capteur selon la revendication 2, dans lequel le con-
trôleur électrique (22) est configuré pour mesurer un
courant électrique pendant le décapage des espè-
ces chimiques électrodéposées (9) de façon à gé-
nérer des données de voltammétrie pour les espè-
ces chimiques électrodéposées, la première électro-
de (2) fonctionnant en tant qu’électrode de détection
électrochimique et la deuxième électrode (4) fonc-
tionnant en tant qu’électrode de référence.

4. Capteur selon l’une quelconque des revendications
précédentes, dans lequel la deuxième électrode (4)
est formée d’un matériau de diamant électriquement
conducteur.

5. Capteur selon l’une quelconque des revendications
précédentes, dans lequel le capteur comprend une
fenêtre et le spectromètre (16) est configuré pour
diriger la technique d’analyse spectroscopique à tra-
vers la fenêtre vers une surface avant des espèces
chimiques (9) électrodéposées sur la première élec-
trode (2).

6. Capteur selon l’une quelconque des revendications
1 à 4, dans lequel le spectromètre (16) est configuré
pour diriger la technique d’analyse spectroscopique
par l’intermédiaire de la première électrode (2) vers
une surface arrière des espèces chimiques (9) élec-
trodéposées sur la première électrode (2).

7. Capteur selon l’une quelconque des revendications
précédentes, dans lequel le spectromètre (16) est
configuré pour appliquer une technique d’analyse
élémentaire.

8. Capteur selon l’une quelconque des revendications
précédentes, dans lequel le spectromètre (16) est
configuré pour appliquer une technique de réflexion.

9. Capteur selon l’une quelconque des revendications
précédentes, dans lequel le spectromètre (16) est
configuré pour appliquer une technique d’analyse
spectroscopique comprenant des rayons X ou des
rayons gamma.

10. Capteur selon l’une quelconque des revendications
précédentes, dans lequel le spectromètre (16) est
configuré pour appliquer une technique d’analyse
spectroscopique comprenant l’analyse élémentaire
par fluorescence des rayons X.

11. Procédé d’analyse d’espèces chimiques dans une
solution, le procédé comprenant :

la fourniture d’un appareil de dépôt électrochi-
mique comprenant une première électrode (2)
et une deuxième électrode (4) ;
le placement de la première électrode (2) en
contact avec une solution à analyser (8) et de
la deuxième électrode (4) en contact électrique
avec la solution à analyser (8) ;
l’application d’une différence de potentiel entre
les première et deuxième électrodes (2, 4) de
sorte qu’un courant circule entre les première et
deuxième électrodes (2, 4) par l’intermédiaire
de la solution à analyser (8) et des espèces chi-
miques sont électrodéposées depuis la solution
sur la première électrode (2) ;
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l’application d’une technique d’analyse spec-
troscopique aux espèces chimiques électrodé-
posées (9) sur la première électrode (2) pour
générer des données spectroscopiques sur les
espèces chimiques électrodéposées sur la pre-
mière électrode (2) ;
l’utilisation des données spectroscopiques pour
déterminer le type des espèces chimiques élec-
trodéposées sur la première électrode (2) ; et
l’utilisation des données de voltammétrie et des
données spectroscopiques pour déterminer la
quantité d’espèces chimiques dans la solution
(8),
caractérisé en ce que la première électrode (2)
est formée d’un matériau de diamant électrique-
ment conducteur.

12. Procédé selon la revendication 11, dans lequel la
technique d’analyse spectroscopique est appliquée
in situ dans l’appareil de dépôt électrochimique.

13. Procédé selon la revendication 11 ou 12, compre-
nant en outre la modification de la différence de po-
tentiel pour décaper les espèces chimiques électro-
déposées (9) à partir de la première électrode (2).

14. Procédé selon la revendication 13, comprenant en
outre la mesure du courant électrique circulant entre
les première et deuxième électrodes (2, 4) pendant
le décapage des espèces chimiques électrodépo-
sées (9) de façon à générer des données de voltam-
métrie pour les espèces chimiques électrodéposées
(9), la première électrode (2) fonctionnant en tant
qu’électrode de détection électrochimique et la
deuxième électrode (4) fonctionnant en tant qu’élec-
trode de référence.
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