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ONLINE MONITORING OF FUEL CELL REACTIONS BY
DESORPTION ELECTROSPRAY MASS SPECTROMETRY

Cross-Reference to Related Application

[0001] This application claims the benefit of U.S. Provisional Patent Application
Serial No. 61/723,452, filed on November 7, 2012, the disclosure of which is
incorporated herein by reference in its entirety.

Technical Field

[0002] The present invention is related to an apparatus for monitoring fuel cell
reaction products and a method of using the same.

Background

[0003] Fossil fuel burning, the main energy source for human activity, has caused
environmental issues such as global warming, ozone layer depletion, and ecological
devastation. Thus, the development of alternative energy sources is needed. A fuel cell,
an electrochemical device in which the chemical energy stored in fuel is converted
directly to electrical current through an electro-catalytic process, is a good candidate for
such an alternative energy source. The striking characteristics of fuel cells include their
low environmental pollution and high energy conversion efficiency in comparison to heat
engines. For instance, water is the only generated product in a hydrogen-oxygen fuel
cell. Further, fuel cells have low noise levels. Because of these advantages, fuel cells
have been regarded as an excellent energy source for portable electronics, land vehicles,
airplanes, submarines, etc., and have attracted more and more attention in the new energy
technology development field. Currently, numerous research efforts are underway to
improve the performance of fuel cells, including large power and energy density, cheap
catalyst, long shelf life, and ease of miniaturization for portable electronic devices.

[0004] Among a variety of fuel cells, a proton-exchange membrane (PEM) fuel
cell is one of the principal types. Direct methanol fuel cells (DMFCs) are a subcategory

of PEM fuel cells in which methanol is used as the fuel. The strengths of DMFCs are the
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ease of transport of methanol, an energy-dense yet reasonably stable liquid under all
environmental conditions, and the lack of complex steam reforming operations.
However, efficiency is presently quite low for these cells, so they are targeted especially
for portable applications, in which energy and power density are more important than
cfficiency. Indeed, the energy density of methanol is an order of magnitude greater than
even highly compressed hydrogen, and 15 times higher than lithium-ion batteries.
Military applications of DMFCs are an emerging area because DMFCs have low noise,
thermal signatures and no toxic effluent. The DMFC relies upon the oxidation of
methanol on a catalyst layer to form carbon dioxide. However, the electrooxidation of
methanol often results in a variety of incomplete oxidation products such as
formaldehyde (HCHO), formic acid (HCOOH), methyl formate (HCOOCHj3), and
carbon monoxide (CO). These byproducts could deactivate expensive cell catalysts and
thus the fuel cell itself.

[0005] Therefore, it is highly desirable to have a fast, sclective, and sensitive
device to identify and quantify the fuel cell reaction products for a fundamental
understanding of the reaction mechanism, as well as to screen the best catalyst and the
reaction conditions. Many analytical techniques such as infrared spectroscopy,
fluorescent spectroscopy, and electrochemical detectors have been employed to monitor
the products resulting from methanol oxidation reactions, but these techniques lack
detection selectivity. For example, differential electrochemical mass spectrometry
(DEMS) has been adopted to probe fuel cell reactions; however, it only can detect
volatile and small molecules such as CO, and CO and is blind to HCHO and HCOOH,
which cannot easily penetrate the membrane separating the electrochemical cell and the
mass spectrometer chamber. In addition, recent efforts have been made to detect HCHO
using electrospray ionization mass spectrometry (ESI) after online extraction of fuel cell

products. However, the method involves complicated sample transfer lines and laborious
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extraction. Therefore, there is an urgent need for the development of analytic techniques
that are fast, highly selective and sensitive to identify different cell reaction products,
particularly those byproducts such as HCHO and HCOOH, in addition to CO..

[0006] Desorption electrospray ionization (DESI) is a recent advance in the
ficld of MS. DESI provides direct ionization of analytes with little or no sample
preparation. Sample ionization by DESI occurs via the interactions with charged
microdroplets generated in a pneumatically assisted electrospray of an appropriate
solvent. In addition to analysis of solid samples, DESI has been extended to directly
ionize liquid samples, and its demonstrated applications include the coupling of MS
with chromatography, microfluidics, and electrochemistry, probing protein
conformation, and developing submillisecond time-resolved MS.

Summary

[0007] In one illustrative embodiment of the present invention, a mass
spectrometry-based method of directly detecting reaction products of a fuel cell is
described. The method includes passing a reactant sample through a fuel cell to form
reaction products that exit the fuel cell in an output stream. The method also includes
adding a derivatizing reagent to the output stream to form a derivatized output stream,
wherein the derivatizing reagent reacts with a potential reaction product to thereby form
a derivatized reaction product if the potential reaction product is present. The method
further includes directing a charged solvent toward the derivatized output stream to
thereby ionize the derivatized output stream and directing the ionized, derivatized output
stream to a mass spectrometer, the mass spectrometer being configured to detect the
derivatized reaction product.

[0008] In another illustrative embodiment, an apparatus to detect reaction
products from a fuel cell reaction is described. The apparatus includes a fuel cell having

an inlet configured to receive a reactant sample, a reaction chamber in direct
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communication with the inlet, the reaction chamber being configured for reaction
products to be formed therein, and a conduit in direct communication with the reaction
chamber. The conduit is configured for the reaction products to exit the fuel cell
therethrough in an output stream. The conduit has a derivatizing reagent inlet and an
outlet. The apparatus also includes an ambient ionizer configured to generate a charged
solvent and to direct the charged solvent toward the conduit outlet. The apparatus further
includes a mass spectrometer having a sample entrance adjacent the conduit outlet.
[0009] The objects and advantages of the present invention will be further
appreciated in light of the following detailed description and drawings provided herein.

Brief Description of the Drawings

[0010] The accompanying drawings, which are incorporated in and constitute a
part of this specification, illustrate embodiments of the invention and, together with a
gencral description of the invention given above and the detailed description given
below, serve to explain the principles of the invention.

[0011] FIG. 1 is a diagrammatic cross sectional view of an embodiment of the
present invention.

[0012] FIGS. 2A — 2C are positive ion DESI-MS spectra according to
Experiment 1.

[0013] FIGS. 3A — 3C are negative ion DESI-MS spectra according to
Experiment 1.

Detailed Description

[0014] Briefly, the present invention provides a DESI-MS apparatus for online,
real-time monitoring of fuel cell reaction products with high selectively and sensitivity.
FIG. 1 illustrates an apparatus 10 for coupling an electrochemical fuel cell 12 with a

mass spectrometer 14 by DESL
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[0015] In an embodiment, the fuel cell 12 may be a PEM fuel cell, and more
specifically, a DFMC, for example. A sample of reactants 16 enters the fuel cell 12 at
inlet 18. The sample 16 may comprise MeOH in water (1-10% by volume), containing
approximately 0.01 M to approximately 0.5 M H,SO,4. The inlet 18 is in direct
communication with reaction chamber 20. The reaction chamber 20 includes an
electrode 22, such as a Pt working electrode. A potentiostat 24 is used to apply
potentials to the fuel cell 12 for triggering methanol oxidation when a sample of reactants
16 flows through the fuel cell 12. The methanol oxidation produces reaction products.
The flow rate of the sample 16 flowing through the fuel cell 12 may be approximately
0.1 uL/min to approximately 50 uL/min.

[0016] An output stream 26 from the fuel cell 12 includes the fuel cell reaction
products. The output stream 26 may exit the fuel cell 12 via a conduit 28 that is in direct
communication with the reaction chamber 20. For example, the conduit 28 may
comprise a fused silica transfer capillary with an inner diameter of approximately 50 um
to approximately 100 um. The conduit 28 includes a derivatizing reagent inlet 30, where
derivatizing reagent 32 is introduced into the output stream 26 of the fuel cell reaction
products in the conduit 28. The inlet 30 may comprise a Tee mixer for injecting the
derivatizing reagent 32 into the conduit 28. The derivatizing reagent 32 is injected into
the conduit 28 at a rate of approximately 1 uL/min to approximately 10 pL/min. When a
potential fuel cell reaction product is present in the output stream 26, the derivatizing
reagent 32 may react with the potential reaction product to form a derivatized reaction
product in a derivatized output stream 34. For example, for HCHO detection, the
derivatizing reagent 32 may comprise PANHNH, (0.1%) in water. Alternatively, for CO,
detection, the derivatizing reagent 32 may comprise NaOH (0.01M) in water. The

derivatized output stream 34 exits the conduit at outlet 36.
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[0017] In the apparatus 10 shown in FIG. 1, the ambient ionizer 40 having a
spray probe 42 generates microdroplets of a charged solvent 44 and directs the charged
solvent 44 toward the derivatized output stream 34 that emerges from the conduit outlet
36. The spray probe 42 may be positioned approximately 0.5 mm to approximately 5
mm from the conduit outlet 36, for example. The charged solvent 44 ionizes the
derivatized output stream 34.

[0018] In an embodiment, the ambient ionizer 40 may be a DESI apparatus that
includes a housing 46 having a solvent conduit 48 for solvent 49 surrounded by a gas
conduit 50. For HCHO detection, the solvent 49 that is supplied to the ambient ionizer
40 may comprise ACN (acetonitrile)/H,O/1% HOACc (acetic acid). Alternatively, for
CO;, detection, the solvent 49 may comprise ACN/H,0/3%NH4.H,0. A voltage
generator 52 is attached to the housing 46 and is operable to charge the solvent 49 within
the solvent conduit 48. The DESI apparatus generates a nebulized, charged solvent 44
that ionizes the derivatized output stream 34 by desorption, forming an ionized,
derivatized output stream 54. The DESI apparatus may operate at a flow rate of
approximately 1 uL/min to approximately 100 uL/min. An LS-DESI-MS system is
described in further detail in U.S. Patent Nos. 7,915,579 and 8,330,119, the disclosures
of which are incorporated in their entireties herein by reference. As an alternative to
DESI, it would be understood that any ambient ionizer 40 apparatus could be used to
effect photo, ion beam, high energy particle, or plasma-based ionization, for example.
[0019] The spray impact of the microdroplets of charged solvent 44 from the
spray probe 42 with the derivatized reaction product 34 ionizes and deflects an ionized
portion of the derivatized reaction product 54 into a mass spectrometer 14. The mass
spectrometer 14 has a sample entrance or opening 62, such as a heated capillary, which is
also positioned near the conduit outlet 36 and the spray probe 42 of the ambient ionizer

40. For example, the opening 62 may be positioned approximately 0.5 cm to
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approximately 4 cm from the spray probe 42. The ionized, derivatized fuel cell output
stream 54 enters the opening 62, where a pump (not shown) maintains the atmosphere in
the mass spectrometer 14 as a vacuum. The mass spectrometer 14 analyzes a mass-to-
charge ratio of the ionized, derivatized output stream 54, as described in U.S. Patent Nos.
7,915,579 and 8,330,119. As such, the DESI apparatus 40 provides a simplified way of
coupling the fuel cell 12 to the mass spectrometer 14 because it is not necessary to
separate the small potential applied to the fuel cell 12 from the high voltage used for
spray ionization.

[0020] In use, a reactant sample 16 is introduced to a fuel cell 12 at an inlet 18.
The reactant sample 16 flows into a reaction chamber 20, in which reaction products are
formed. The reaction products exit the fuel cell 12 as an output stream 26 through a
conduit 28. A derivatizing reagent 32 is then injected into the output stream 26 with a
Tee mixer at a derivatizing reagent inlet 30 in the conduit 28. If a potential reaction
product is present, the derivatizing reagent 32 reacts therewith to form a derivatized
reaction product in a derivatized output stream 34. The derivatized output stream 34
exits the conduit 28 at outlet 36.

[0021] Solvent 49 enters ambient ionizer 40, which generates a charged solvent
44 that is directed toward the outlet 36 of the conduit 28 so as to ionize the derivatized
output stream 34. The ionized, derivatized output stream 54 is directed to a mass
spectrometer 14 for mass-to-charge ratio analysis, which detects the fuel cell 12 reaction
products. When a DMFC is used, this method detects both CO, and HCHO generated
from methanol oxidation from the fuel cell 12. The method is highly selective, sensitive,
and fast. The method further provides tolerance to inorganic salt electrolytes and the
freedom to choose traditional solvents for electrolysis or to use either positive or negative

ionization modes.
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[0022] In an alternative embodiment, rather than being introduced at the
derivatizing reagent inlet 30 in the conduit 28, the derivatizing reagent 32 may be
directly doped with the solvent 49, such that the derivatizing reagent 32 reacts with the
potential reaction product during ionization.

[0023] The following example illustrates particular properties and advantages of
an embodiment of the present invention.

Experiment 1

[0024] A DESI apparatus 40 was built for coupling an electrochemical fuel cell
12 with a Thermo Finnigan LCQ DECA ion trap mass spectrometer 14 (San Jose, CA).
The fuel cell 12, which was equipped with a Pt working electrode 22, was employed for
methanol oxidation experiments. A reactant sample 16 of MeOH and H,O containing
H,S0; as electrolyte was prepared and infused by syringe pump for electrolysis. The
reactant sample 16 was passed through the fuel cell 12 for electrolysis at a flow rate of 5
uL/min. A ROXY potentiostat 24 (ANTEC BV, Netherlands) was used to apply
potentials to the fuel cell 12 for triggering methanol oxidation when the reactant sample
16 flowed through the fuel cell 12.

[0025] An output stream 26 comprising reaction products exited the fuel cell 12
via a capillary 28 and underwent derivatization with a derivatizing reagent 32 injected
through a Tee mixer 30. The derivatized output stream 34 was online ionized by DESI
via interactions with charged microdroplets 44 from DESI spray and then detected by the
nearby mass spectrometer 14. The DESI spray probe 42 was aimed at the mass
spectrometer's 14 inlet orifice 62 and kept approximately 3 cm to approximately 4 cm
away from the mass spectrometer inlet 62. For detection of HCHO, the derivatizing
reagent 32 was 1% phenylhydrazine in water at an injection flow rate of 5 uL/min, and
the DESI spray solvent 49 was ACN/H,O/1% HOACc at an injection flow rate of 10

uL/min. The positive ion mode was used for ion detection. For detection of CO,, the
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derivatizing reagent 30 was 0.01M NaOH in water at an injection flow rate of 5 uL/min,
and the DESI spray solvent 49 was ACN/H,0/3% NH3.H,O with an injection flow rate
of 10 uL/min. The negative ion mode was used for ion detection.

0 0
(O] i [O] i {0]
CHyOH ~— H~C~H 3 H~C~OH —— CO»+H,0

EQ.1

O/NHNHQ Hy0 NHNH=CH,
+ HCHO —=
EQ.2

C02+ OH" ~t HCO3'
mz61

EQ. 3

[0026] Equation 1 depicts the possible oxidation process for methanol, in which
incomplete oxidation produces HCHO and HCOOH and complete oxidation generates
CO,. As the oxidation products emerge from the fuel cell 12, HCHO can be ionized by
DESI after the derivatization reaction with 2,4-dinitrophenylhydrazine ions (Equation 2).
The resulting hydrozone product can be easily charged as positive ions (for example, the
protonated hydrozone PANHNH=CH, of m/z 121) for MS detection. On the other hand,
CO; can be converted to HCO3 (m/z 61) via absorption by NaOH in water and detected
in the negative ion mode (Equation 3).

[0027] FIGS. 2A-2C show positive ion DESI-MS spectra acquired when a
sample 16 of 2.3% MeOH in H,O (by volume) containing 0.01 M H,SO, was flowed
through the fuel cell 12 with varying applied potentials. FIG. 2A shows the results when

the fuel cell 12 was turned off so that no potential was applied, and the sample 16 then



WO 2014/074699 PCT/US2013/068922

underwent derivatization with phenylhydrazine. Only a small peak of m/z 121 was
detected, which corresponded to the protonated ion of the phenylhydrazine-derivatized
HCHO product. The methanol may have contained trace amount of HCHO. FIG. 2B
shows that when the fuel cell 12 was turned on with a 2V potential applied to the Pt
working electrode 22, the peak of m/z 121 rose drastically. This result indicates that the
methanol oxidation in the fuel cell 12 does produce incomplete oxidation product HCHO
which can be monitored by DESI. FIG. 2C shows a collision-induced dissociation (CID)
tandem mass spectrometry (MS/MS) spectrum of the product ion [PhANHN=CH,+H]", the
ion of m/z 121 gave rise to fragment ions m/z 93 and 94 by losses of CH,N and HCN,
respectively, confirming its structure.

[0028] FIGS. 3A-3C show negative ion DESI-MS spectra acquired when the
sample 16 described above with respect to FIGS. 2A-2C was run through the fuel cell 12.
As shown in FIG. 3A, when no potential applied and the solution underwent
derivatization with NaOH in water, no HCOs  ion (m/z 61) was detected. As shown in
FIG. 3B, in contrast, when the fuel cell 12 was turned on with a 2V potential applied to
the Pt working electrode 22, the peak of m/z 61 arose. Also, adduct ion [HCO3 + H,0]
was also detected. This indicates that the methanol oxidation in the fuel cell 12 does
produce CO,, which can be monitored by DESI after conversion to HCO;™ ion (m/z 61).
FIG. 3C is a negative ion DESI-MS spectrum of a standard NaHCO; aqueous sample
ionized by DESI under the same ionization condition. Both m/z 61 and 79 were
observed, in line with the assignment of those ions in FIG. 3B.

[0029] The detection of CO, by DESI-MS is remarkable, as the detection can be
done under ambient conditions. Previously, the mass spectrometric detection of CO,
from electrochemical cells required specialized instruments, namely, differential
clectrochemical mass spectrometry (DEMS), in which CO; is leaked into an electron

impact ion source in vacuum through a membrane for ionization.
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[0030] This invention demonstrates the feasibility of using DESI-MS to analyze
both complete oxidation product CO, and incomplete oxidation product HCHO under
ambient conditions. This method is fast, highly sensitive and highly selective. The
method according to the present invention does not involve complicated extraction steps,
and, thus, the analysis time is shortened. It also involves simple instrumentation. The
capability of detecting both CO, and HCHO will allow one to study the methanol
oxidation fuel cell reaction mechanism and to screen optimal catalysts as electrode
materials for improved cell performance. In comparison to other detection methods, the
present method has high specificity. In addition, the ability to direct detection of analyte
in a highly acidic media (for example, in H,SO4 media) is another strength of DESI over
other traditional ionization methods.

[0031] As explained above, this invention presents a novel method of using
combined EC with DESI-MS for online, real-time monitoring of fuel cell reaction
products. Combined EC/MS techniques have proven to be powerful in identifying the
products/intermediates of electrochemical reactions. The advantages of this technique
stem from the fact that MS is a highly sensitive and selective detector and is able to
provide molecular weight information, as well as structural information. The
methodology along with its novel apparatus should have high commercial value in
today's energy research product market, as it is very useful for the mechanistic
elucidation of methanol oxidative process, improving fuel cell 12 design, and discovering
new effective fuel cell catalysts.

[0032] This has been a description of the present invention along with the various
methods of practicing the present invention. However, the invention itself should only

be defined by the appended claims. What is claimed is:

11
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Claims
1. A mass spectrometry-based method of directly detecting fuel cell reaction
products, the method comprising:

passing a reactant sample through a fuel cell to form reaction products that exit
the fuel cell in an output stream;

adding a derivatizing reagent to the output stream to form a derivatized output
stream, wherein the derivatizing reagent reacts with a potential reaction product to
thereby form a derivatized reaction product if the potential reaction product is present;

directing a charged solvent toward the derivatized output stream thereby ionizing
the derivatized output stream; and

directing the ionized, derivatized output stream to a mass spectrometer, the mass

spectrometer being configured to detect the derivatized reaction product.

2. The method of claim 1, wherein the charged solvent is generated by desorption

electrospray ionization.

3. The method of claim 1, wherein the derivatized output stream is ionized by one of

photo, ion beam, high energy particle, or plasma-based ionization.

4. The method of claim 1, wherein the fuel cell is a proton-exchange membrane fuel
cell.

5. The method of claim 4, wherein the fuel cell is a direct methanol fuel cell.

6. The method of claim 2, wherein the reactant sample includes approximately 0.01

M to approximately 0.5 M H,SOs.

12
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7. The method of claim 1, wherein the method is configured to detect HCHO.
8. The method of claim 1, wherein the method is configured to detect CO,.
9. The method of claim 7, wherein the derivatized reagent comprises PANHNH,.

10. The method of claim 8, wherein the derivatized reagent comprises NaOH.

11. The method of claim 1, wherein the derivatizing reagent is directly doped with

the charged solvent.

12. An apparatus for detecting fuel cell reaction products, the apparatus comprising:
a fuel cell comprising:
an inlet configured to receive a reactant sample;
a reaction chamber in direct communication with the inlet, the reaction
chamber configured for reaction products to be formed therein; and
a conduit in direct communication with the reaction chamber, the
conduit configured for the reaction products to exit the fuel cell therethrough in an output
stream, the conduit having a derivatizing reagent inlet downstream of the fuel cell and an
outlet downstream of the derivatizing reagent inlet;
an ambient ionizer configured to generate a charged solvent and to direct the
charged solvent toward the conduit outlet; and

a mass spectrometer having a sample entrance adjacent the conduit outlet.

13
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13. The apparatus of claim 12, wherein the ambient ionizer performs desorption

electrospray ionization.

14. The apparatus of claim 12, wherein the fuel cell is a proton-exchange membrane

fuel cell.

15. The apparatus of claim 14, wherein the fuel cell is a direct methanol fuel cell.

16. The apparatus of claim 15, wherein the reactant sample includes approximately

0.01 M to approximately 0.5 M H,SO.,.

17.  The apparatus of claim 12, wherein the method is configured to detect HCHO.

18.  The apparatus of claim 12, wherein the method is configured to detect CO..

19. The apparatus of claim 17, wherein the derivatized reagent comprises PANHNH,.

20. The apparatus of claim 18, wherein the derivatized reagent comprises NaOH.

21. The apparatus of claim 12, wherein the derivatizing reagent inlet is configured to

introduce derivatizing reagent into the output stream in the conduit,

wherein the derivatizing reagent is configured to react with a potential reaction

product to thereby form a derivatized reaction product if the potential reaction product is

present.

14
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